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PREFACE 


This text is written for communications as well as power majors taking 
a one-year course in electric machines. The principal aim of this work is 
not merely to demonstrate to the student the operation and performance 
of the electric ma(?hine but rather to teach the student how to deduce machine 
characteristics from the fundamental laws^ which represent the essence of 
our knowledge. 

It is the author’s experience of many years that most students and 
young engineers are unaware of (he fact that the only approacli to the 
solution of a prolilem lies first in the selection of the fundamental laws 
which refer to the problem and then in the application of these laws. 

Tlie electric machine consists of several electric circuits interlinked 
with magnetic fluxes and of one or more magnetic circuits. Therefore, 
Fai'aday’s law of induction of an emf in a coil interlinked with a magnetic 
flux, Kirchhoff’s mesh law of the electric circuit, and Ainpcu*e\s law (cir¬ 
cuital law) of the magnetic field belong to the fundamental laws whicli 
alone can yield the answer to the prol)lem of electric machine operation 
and performance. Adding to these three laws Biot-Savar(/s law of the 
force on a current-carrying conductor in a magnetic field completes the 
fundamental la^^'s necessary for a perfect; understanding of the electric 
machine as presented in the frame of tliis book. 

In accordaiK^e with the aim of the text, the equations of the circuits of 
the individual macliines are set up first and then the operation and 
performance of the macliine are derived from these equations.^ _ 

The autlior hopes that the method of attack applied in this text, i.e., 
persistently referring to the fundamental laws, will be helpful to the 
student in solving prol)lems other tlian those treated in this text. Engi¬ 
neers are too often inclined to start a new prol)lcm by setting up an 
equivalent carcuit without deriving it from tlie fundamental equations. 
It cannot be emphasized strongly enough that the beginning of beginnings 
lies in the fundamental laws and that ecjuivalent circuits and geometric 
loci must follow from equations based upon these laws. 

It is not a mere coincidence that the longest chapter in this text is that 
on the aforementioned four fundamental laws. A thorough study of these 
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laws is a valuable investment of time, for both the student and the 
teacher; the progress of study and teaching on a good foundation is fast 
and fruitful. 

The correct sequence in the treatment of the electric machines requires 
that the d-c machine Ik; treated after the synchronous machine, because 
the practical d-c machine is an a-c machine with a device (commutator) 
which permits picking up a fixed instantaneous value of the a-c voltage. 
In view of the fact that d-c machines are taught first in most colleges, 
these machines have been discussed immediately after the chapter on 
fundamental laws. 

Although this text is designed for a one-year course, it does not imply 
that it is necessary to teach the entire text during two semesters. This 
book, as any other textbook, contains for the sake of completeness a 
certain amount of material which, at tlie discretion of the teacher, may 
be omitted in the classroom and left to the more interested student. 

The MKS system of units has not been used in this text, because in the 
electric machine field engineers think and work in terms of practical 
(English) units. Final formulae arc all given in practical units; deriva¬ 
tions are carried out in (;gs units. A short conversion table from the 
practical to t he MKS system of units is included at the end of the text. 

Michael Liwschitz-Garik 

Brooklyn, N. Y. 

April, 1952 
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Chapter 1 


THE FUNDAMENTAL LAWS 


All electric machines operate on the same basic principles and only a few 
fundamental laws govern the behavior of these machines. A thorough under¬ 
standing of these fundamental laws is essential for the study of electric 
machines. Tlicse laws are treated in tins chapter and are listed below: 

1, Faraday’s law of induction. 

2, Kirchhoff’s law of the electric circuit. 

3, Circuital law of the magnetic field (Ampere’s law). 

4, Law of force on a conductor in a magnetic field (Biot-Savart’s law). 

1-L Faraday’s law of induction, (a) Electromotive force induced in a closed 
conducting circuit by a flux produced by a mignet. Faraday’s law of induc¬ 
tion stat(‘s: If the magnetic flux linking a closed conducting circuit is 
changing, an electromotive force is induced in the cirenit. 

If <t> lepreseiits the flux linking the circuit and d<l> the change in flux 
during the time dt, then the magnitude of the induced emf is propor¬ 
tional to the rate of change of the flux, 
d4/dt. 

The direction of the induced emf 
is determined by Lenz’s law, wliich 
states that the current produced by 
the induced emf opposes the change in 
fiux. This will be explained by several 
simple examples. 

Example 1-1. Consider Fig. 1-1. Shown 
here are an isolated north pole and a closed 
ciicuit of one turn which may bo moved relative to this pole. The lines of force pro¬ 
ceed outward from the north pole. 

It should be noted that the direction of the current and the direction of the lines of 
force produced by the current bear the same relation to one another as the direction of 
progress and direction of rotation of a right-hand screw (such as a corkscrew); if the 

1 



Ficj. 1-1. Induction of an emf in a simple 
circuit. 
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forward motion of the screw and the direction of the current coincide, then the direction 
of the lines of force about the conductor is the same as the direction of rotation of the 
screw. 

If the magnet and circuit (Fig. 1-1) are now brought closer to one another so that 
the flux linking the circuit is increased, the current produced by the induced voltage 
has a direction as shown by the arrow and tends to produce a flux which reduces the 
number of lines of force linking the circuit. On the other hand, if the magnet and the 
circuit are moved farther apart so that the number of lines of force linking the circuit is 
reduced, the induced current i has the opposite direction and tends to produce a flux 
which increases the number of lines of force linking the circuit. 

Example 1-2. Consider an elementary machine (Fig. 1-2). A coil ah rotates between 
a north and a south pole. The flux interlinked with the coil is a maximum when the 
plane of the coil is horizontal and is a minimum when the plane is vertical. When the 



Fio. 1~2. Induction of an einf in a coil of an electric iiiacl.i::c. 


coil is in the position shown in Fig. l-2a, the flux linking the coil is decreasing. The 
induced emf and resultant current, therefore, will have a direction as indicated by the 
cross and dot* since current flowing in this direction tends to oppose the reduction in 
flux linkages. 

Fig. 1 2b shows the din*ction of emf and current for another position of the coil. In 
this position the flux interlinked with the coil is increasing. Tlie direction of the current 
is the same as in Fig. 1 -2a because a current in this ilirection tends to oppose the increase 
in flux linkagi^s. 

In both examples considered, the imluced emf has the same direction as the current, 
and therefore this emf must l)e considered negative with respect to the change of flux 
interlinkage. If the flux linked w ith the circuit increases, i.e., d<i>/dt is positive, the cur- 

* The cross represents a current flowing away fn>in the observer, and the dot represents a 
curnmt flowing towaril tlie observer. 
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rent produced by the induced emf decreases the flux; if the flux linked with the circuit 
decreases, i.e., d<t>/dt is negative, the current produced by the induced eiiif increases the 
flux. Accordingly, Faraday’s law of induction must be written: 


€ = 




dt 


10 ® volt 


(1-1) 


i.e., the emf induced in the circuit is equal to the rate of decrease of the flux interlinked with 
the circuit. In tliis ecpiation </> is in maxwells and t in seconds. 


Example 1-3. Consider Fig. 1-3. A conductor ah ino\’es downward between two poles. 
Since the flux interlinked with tlie circuit is diminishing, for the chosen direction of 
movement, the current in the conductor will be in the direction from 6 to o because this 
would oppose the reduction of flux 
linking the circuit. 

For this case, Faraday’s law of 
induction may be expressed in a 
different way. If the conductor ah 
nioves downward a distance dx in a 
time dty the change in flux inter¬ 
linkage is d(t> — —BldXj where B 
is the flux density in gausses and L 
is tlie length of the conductor in 
centimeters. Hence, 



e 


- ^ 10-8 ^ Bl— 10 8 volt 
dt dt 


in which dx/dt is the velocity v with 
which the conductor nioves. Tlius, 

e = volt (l-2a) 

or e =0-8 volt (l-2b) 



Induction of an emf in a simple circuit. 


if B is expressed in lines jier square inch, I in inches, and v in feet per minute. Bl dx is 
tlie flux cut by the conductor in the time dt. Therefore, lOq. 1--2 can be inter])reted as 
follows: The emf induced in the conductor is equal to the flux cat by it per second. 


Eq. 1-2 can be applied also to the second example where a coil rotates 
between two poles. It should be noted that lilq. 1-1, which is based on flux 
interlinkages, is more general, while the flux cutting Eqs. l-2a and l-2b 
are applicable where there is relative motion between conductors and a 
flux which is constant witli time. 

The average emf induced in the coil of Fig. 1-2 can be readily deter¬ 
mined from Eq. 1-1. When the coil lies in the horizontal, it is inter¬ 
linked with the total pole-flux 4>. When it moves from the horizontal 
position a quarter of a revolution, it lies in the vertical and its flux inter¬ 
linkage is zero. A quarter of a revolution further in the same direction 
brings the coil again in the horizontal; the flux interlinkage is again ^ but 
in the opposite direction. Thus, during a half revolution, A0 = 24>. If the 
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speed of the armature is n/60 rps, (n in rpm), the duration of a half- 
r(!volution is Ai = 80/n seconds and 


The average emf depends upon the total flux per pole and is independent 
of the flux distribution around the periphery of the armature, i.e., of the 
magnitude of the flux density B around the armature. The instantaneous 
values of the induced emf, on the contrary, depend upon the distribution 
of B, as indicated by Eq. 1-2. 

Kq. 1-3 assumes that there are only two poles and that the coil con¬ 
sists of two conductors making one turn. If the number of poles is p, then, 
during a half revolution, A<f> = 2'f>(p/2), and E^vg becomes p/2 times the 
value given by Eep 1-3. Furthermore, if the number of series-connected 
turns of the coil is .¥ and these N turns are so concentrated that they are 

interlinked with the same number of 
flux lines at any instant of time, then 
E^^g is N times larger than the value 
given by Eep 1-3, so that 

E..g = (4<1> I) ^ 10-* volt (l-3a) 



Fiq. 1-4. 


Flux diHiribution in a d-c 
machine. 


Consider Fig. 1-4 which shows the 
normal flux distribution of a d-c ma¬ 
chine. B is zero in the middle of the interpolar space (see Fig. 1-2) 
and is a maximum in the center of the pole. If both coil sides lie at all 
times in fields of the same strength, the instantaneous value of the emf 
induced in the coil is (Eq. 1-2) 


r = 2BM0-^ volt (1-4) 

i.e., it is proportional to and the emf curve has exactly the same shape 
as the B curve. 

If /.) = diameter of the armature and p = number of poles, then the 
arc 


is the pole pilch. In order that both sides of a coil lie in flux densities of the 
same strength, its coil span, measured as an arc, must be equal to the 
pole pitch. This is the case in Fig. 1-2. 

When the flux distribution along the armature is f^inusoidal, the emf 
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a 


of the coil also will be sinusoidal (Fig. 1-5). The amplitude and the 
effective value of the emf will now be determined for this case. 

Consider again Fig. 1-2. When the angle between the plane of the coil 
and the horizontal (a) is zero, the coil is interlinked wdth the total pole- 
flux when this angle is equal to t/2, i.e., the plane of the coil coincides 
w ith the pole-axis, the flux interlinkage of the coil is zero. In any inter- 



Fid. 1-5. Sinusoidal flux distribution. Flux inierlinkago and emf as functions of time show¬ 
ing emf lagging inducing flux by 90 degrees. 


mediate position the flux interlinkage is ^ cos a. This can be seen from 
h'ig. 1-5. When the coil sides have the position a = 0 and a = tt, the 
flux interlinked with the coil is proportional to 



When the coil sides have the position a and (a + tt), the flux interlinked 
with the coil is proportional to 


X 


(a +7r) 


Badot 


The ratio of the latter integral to the former integral is cos a, since 
Ba — Bjnax The curve of flux interlinkage <t> is sliown in Fig. 1-5. 

From Eq. 1-1; 

e = — — 10~** = — C**’ a) 10“'^ = 't> sin a ~ 10~* volt (l-6a) 

dt dt dt 

where da/dt is the angular velocity of rotation of the coil. For a uniform 
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angular velocity of the coil, a — cat 

and e = sin wt (l-6b) 


It can be seen from Fig. 1-5 that the induced emf e lags the flux inter- 
linkage (j) by 90°; when <!> is maximum (a == 0), ^ is zero, and e becomes a 
maximum, when a — t 12 and 0 is zero. These same conclusions follow 
from Eq. l-(j. The instantaneous flux interlinkage is 


<!> 


cos ^ sin 



which is a function of sin 



while tlie instantaneous emf c is a 


function of sin w/. 

Representing the amplitudes (or the effective values) of the sinusoidal 
functions 0 and e l)y pliasors, that isy quantities whose values are repre¬ 
sented by complex numbers, the ernf phasor must lag the flux phasor by 90°. 
The amplitude of the inducc^d emf is (Eq. 1-Cb) 

E,n = volt (l-7a) 


The period of a sine function is 27r. If T is the time of a period in seconds 
and / the frequency in cycles per se(*ond, then 


and 


27r = wT where / == ^ 

o; - -- TT - 27r/ 


Hence E,n = 27r/<I>10~® volt (l-7b) 

and tlie effective value of e is 

E = —= 4.44/4>10"'® volt (1~8) 

V2 


The frequency / can be expr(\ssed in terms of the revolutions per minute 
of the armature and the number of poles. Consider Fig. 1-2. While the 
(‘oil is making one revolution, it generates one cycle of the emf (Fig. 1-5). 
If the armature rotates at n revolutions per minute, the frequency in 
cycles per second will be / = n/OO. This applies to a 2-pole machine. If 
the iuiml)er of poles is p instead of 2, it still holds that the emf goes 
through a complete cycle when it pass(\s U\o poles of the machine and 
therefore the frequency is 


/ = 


p n 
2 W 


pn 

m 


cps 


(1-9) 
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It has been assumed in Eqs. l-6a to 1-8 that the coil consists of two con¬ 
ductors making one turn. If the number of series connected turns of tlie 
coil is N and these N turns are so concentrated that they are interlinked 
with the same number of flux lines at any instant of time, the induced emf 
will be N times that given bj'^ Eqs. 1-7 and 1-8, i.e., 

E„ = coAr4>10-« = 2 t/A^$ 10-® volt (1-10) 


and E = 4.44 A’/<l>10~® volt 


( 1 - 11 ) 


Erample 1—4. A coil with five series-connected turns rotates in a sinusoidally 
distributed flux at a speed of 1200 rj)m. The flux per pole is 4> = 3 X 10® maxwells; 
the number of poles is p = 6. Wliat is the average emf induced in the coil? W'hat is 
the amplitude and tlie effective value of the emf induced in the coil? What is the 
frequenc}'’ of the emf induced in the coil? 

From Eq. l-3a, with p = 6 and AT 5 


E^yg = 4 X 3 X 10® X - X 5 X X 10 ® = 30 volts 
2 CO 


From Eq. 1-9 


. 6 X 1200 

/ =- =00 cj)S 

120 


From Eq. 1-10 


E„, = 27r X GO X 5 X 3 X 10‘'‘ X 10 ** = 5G.6 volts 


E = ~ = 40 volts 

V2 

2 

Since the flux is sinusoidally distributed, Eavg must l>(^ — X E„,. 

TT 


Faraday’s law of induction, Eq. 1-1, can also be interpreted in another 
manner. In this equation e is the total emf induced in tlie closed circuit; 
i.e., if the circuit were opened somewhere and an oscillograph inserted, 
the value of e measured at each instant would be for the entire circuit. 
In reality, e is the sum of all elemental emf’s de which are induced in the 
individual elements dl of the circuit, and Eq. 1-1 can be written: 

e = <fE,dl= - ^ 10-« volt (1-12) 

J dt 


where Ei is the component of the electric field intensity E in the direction 
of dl. This equation states that every change in the lines of flux linking 
a circuit produces an electric field within the circuit, and that the line 
integral of the intensity of this electric field (the induced emf) is equal to 
(i<f> 

— -r- • (See references on Electromagnetic Field Theory.) 
at 
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(b) Electromotive force of self-induction and mutual induction. In the 
previous examples (Figs. 1-1 to 1-3), the flux is produced by a magnet, 
and the change of flux interlinkage is caused by a relative movement of 
a coil and a magnet. According to Faraday’s law of induction, it is only 
the change of flux intcrlinkage that causes an emf to appear in a circuit, 
no matter what the source of the flux. Therefore, an emf will be induced 
in a circuit if its own flux is changed by changing its current, or if the 
flux of an adjacent circuit is changed by changing the current in this 
latter circuit. In the first case this will be an emf of self-induction; in 
the second case, an emf of mutual induction. 

In the case of self-induction, the flux interlinkage of the circuit is de¬ 
termined by its own current: 

« - Li or (AV) = Li (1-13) 

depending upon whether the circuit consists of one turn or N turns all 
linked with the flux. L is the coefficient of self-inductance. According to 
Eq. 1-13 it is the flux interlinkage per unit current. The magnitude of L 
depends upon the geometrical arrangement of tlie conductors, upon the 
number of turns, and upon the magnetic nature of the surroundings. The 
last-mentioned factor plays a great part in the magnitude of the flux 4> 
and the flux intcrlinkage. If the surroundings contain ferromagnetic 
materials, the magnetic resistance (relu(*tance) is much lower and the 
flux is much larger for tlie same current than in the case when there 
are no ferromagnetic materials. This is discuss('d in Art. 1-3. It is also 
shown that when there are no ferromagnetic materials, tlie flux is directly 
proportional to the magnetizing force (the current), and therefore, in this 
case, the coefficient of self-inductance L in Eq. 1-13 is a constant. On the 
other hand, in ferromagnetic materials flux and magnetizing force are 
coordinated through the magnetization curve of tlie material (Fig. 1-8) 
which has a non-linear character; therefore the coefficient of self-induct- 
ance L is not a constant in this case, but varies with the magnetizing 
force. For constant L, according to Eq. 1-1, tlie emf of self-induction is 

e, = - ^ 10~* = -//^ volt (1-14) 

ut ut 

whei*e L is measured in henries. 

If i is sinusoidal, 

i = Im sin o)t 

the emf of self-induction becomes 

c, = —/mwLcosojf = /»,wLsin (wt — 90®) (l-14a) 
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i.e., the amplitude of the emf of self-induction is equal to /muL and the 
emf of self-induction lags the current by 90°. Note that Eq. l-14a is in 
complete accordance with Eq. l-6b. The latter equation states that the 
amplitude of the induced emf is equal to w times the maximum flux inter¬ 
linkage; in Eq. l-14a, /^L is nothing more than the maximum flux 
interlinkage, for, according to Eq. 1-13, L is the flux interlinkage per 
unit current. 

In the case of mutual induction, the flux interlinking circuit 1 (the 
circuit considered) is: 

(.V<^), = Mi, (1-15) 

The coefficient of mutual inductance M depends upon the same quantities 
as does L, and also upon the relative position of both circuits with respect 
to each othci'. For const ant M, according to Eq. 1-1, the emf of mutual 
induction is: 

= -il/-rVolt (l-16a) 

dt 

and vice versa 

di 

0/2 = ^volt (l-“16b) 

dt 

where M is measured in henries. 

Example 1-5. A solonoid with 400 turns carries a 60-cycle current of / = 6 amp. 
The inaxiinuin flii.v interlinked with each of the 400 turns is 4X10® maxwells. The 
sui rounding is air. What is the coefficient of self-inductance of the coil? What is the 
effective value of emf of self-induction? 

From Eq. 1-13 

^ 400 X4 X 10® ..g V • 

^- -X 10 ® = 1.886 henries 

V2 X 6 

From Eq. 1-Ma 

Fa == 6 X 27r X 60 X 1.886 = 4270 volts 

Example 1-6. The field circuit of a d-c generator has an inductance of 4 henries. 
Its field current of 8 amp is interrupted in 0.06 sec. What is the average emf induced 
in the winding? 

From Eq. 1~14 

g 

€*,avg = 4 —- = 534 volts 
0.06 

1~2. Kirchhoff’s mesh law. This law statevs: In each mesh of a network, 
the sum of all impressed and induced emf’s is equal to the sum of all 
resistive voltage drops. 


T,{V + E) = ZIR 


( 1 - 17 ) 
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(a) /2-L cirmiL Applying Kirchhoff's law to an R~L circuit with a 
constant L and an irnprc?ssed voltage v, the equation obtained is 

di 

v-L^^iR (l-18a) 

dt 

v = iR + L - (l-18b) 

dt 

where v and i are th(^ instantaneous values cf impressed voltage and cur¬ 
rent, respectively. 

Eq. 1“ 18b, which is ick'ntical w^ith E(|. 1-lSa, can be interpreted in the 
following way: at any instant of time, the impressed voltage must over¬ 
come the resistive voltage drop and the emf of self-induction. While this 
interpretation is physically correct, it w^ould l)e entiiely WTong to con¬ 
clude from Eq. 1-1 Sb that L{di/dl) = is of the same nature as the 
resisti\'e voltage drop iR. It should not be forgotten that L is flux inter¬ 
linkage associated with an induced emf, l)ut nothing else. 

If V in E(i. 1 18 is sinusoidal, i wdll also be sinusoidal. A sinusoidal 
quantity can l)e repres(Mited either by the projections of a rotating 
phasor on a fixed line or by the projections of a fixed phasor on a rotating 

I 



line {time line). It is customary in the first case to select the coimter- 
clockwise rotation of the phasor; therefore, the time line must rotate 
clockwise in tlie second case. The magnitude of the phasor is equal to 
the amplitude of the sinusoidal quantity. Using this phasor representa¬ 
tion, the phasor diagram (Fig. l-fia) is ol)taiiied for Eq. l-18a. IR is the 
resistive voltage drop in phase w ith /; — luL is the emf of self-induction, 
90® behind 1 in accordance with Eq. l-14a. The geometric sum of V and 
— TujL is equal to IR corresponding to KirchholT’s huv, Eq. 1 T7. 

The phasor representation of Eq. 1-18b is given by Fig. l-6b. Here 
Iu)L is drawn 90° ahead of I and is interpreted as the component of V 
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necessary to overcome the emf of self-induction. The geometric sum of 
IR and luL then yields the impressed voltage V. 

The phasor diagram of Fig. l-6b is the representation usually pre¬ 
sented in textbooks. 

In the representation of sinusoidal quantities by complex notation, 
multiplication by -f-j rotates the phasor 90° in a positive direction, and 
multiplication by —j rotates the phasor 90° in a negative direction. If 
the current phasor I is used as a reference, then the phasor diagram of 
Fig. 1-Oa can be expressed as 

V - jlcoL = IR (l-19a) 

and the phasor diagram of Fig. 1-Gb as 

V = IR + jIuiL (1-T9b) 

Since the emf of self-induction lags the current which produces it by 90°, 
its amplitude is multiplied by —j in E(j. l-19a where tlie left side rc|)re- 
sents the sum of V and F,. The component of the impressed voltage 
necessary to overcome E, is sliifted 180° with respect to F* and is therefore 
90° ahead of 7. For tliis reason luiL appears Avith multiplier -\-j in I']q. 
l-19b. 

It is customary to use the sj^mbol x, called reactance, for wF. It shoulrl 
he remembered that L means flux interlinkage and is associated wit h 
an induced emf; therefore the reactance x always is associated with an 
induced emf. Introducing x, hiqs. l-19a and l-19b become 

V — jlx = IR (l-19c) 

V = IR+jIx (]-19d) 

(b) R, L, and M circuit with constant L and M. Applying KirchholT’s 
law to an R, L, il7 -circuit AAith an impressed A'oltage v, the voltage eciua- 
1 ion for the instantaneous A’alues is 

v,-U^-M^ = i,R,* ( 1 - 20 ) 

dt dt 

For sinusoidal voltages and currents, the voltage equation for effective 
values is, corresponding to Eq. l-19a, 

Vi — jcjLiIi — j(joMl 2 ~ I (l““21a) 

* The emf of mutual induction is introduced here as — AI{fli-i/dl)^ i.e., with a positive sign 
for M. The sign of M depends, in general, upon the assumed directions of current flow in the 
coils and upon the manner in which the coils arc wound (see references on A-c Circuits). In 
this text, the directions of the currents and the manner in which the coils are wound will each 
be assumed so as to yield a positive value for M. 
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and, corresponding to Eq. l-lOb, 

V\ = Ti(Ri 4"iwLi) +jcoAf/2 (l-21b) 

Introducing the symbol X\ for wLi (primary reactance) and tlie symbol 
Xm for wM (mutual reactance), Eqs. 1-21 become 

Vi —jxJi - jx,J 2 = IiRi (l-22a) 

1^1 = fiiRi j^i) (1—22b) 

In Eqs. l-19b, l-21b, and l-22b, the emf’s of self- and mutual in¬ 
duction appear as voltage drops. As pointed out previously, it should 
not be forgotten that the symbols wL, wM, and x are always associated 
with an induced emf. 

It should be noted that Eqs. 1-18 to 1-22 apply only when L and M 
are constants, i.e., when tlie surroundings do not contain ferromagnetic 
materials. Tlie case of electric circuits surrounded b\' iron is treated in 
connection with tlie transformer (Art. 12-1). 


1-3. Circuital law of the magnetic field. A relation similar to Eq. 1-12 
also holds for the magnetic circuit, i.e., for a closed circuit carrying a 
magnetic flux. 

If Hi is the magnetic field intensity at the element dl of the magnetic 
circuit, N the number of turns which are linked by the magnetic flux, and 

/ the current which flows in the wind- 
^ ing, then the equation referred to 

\v ) / y above is 


J1! 
i 1 


1 , 


9 

1 

1 ' 

1 


J • 

L 

3 

J 


^Hidl = NI (1-23) 


I I 1 - I I I This equation states that the line in- 

j , I , I I l^^gfal^^Jl}lp^'frlagnclic field strength along 

II 2 1 i a closed 'path is equal to the sum of the 

I ^ j ampcrc-turris with which this path is 

I ^ I linked. (See references on Electro- 

-J magnetic Field Theory.) 

Via. 1-7. Flux produced by a solenoid. Fig. 1-7 shows a soleiioid and the 

/ flux produced by it. The line integral 
Hidl is the same for all three closed lines (1, 2, and 3) because all three 

are linked by the entire turns of the solenoid and therefore XT is the same 

for all three. The value of the integral J*IT i dl is not afTeeted by the shape 
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or the length of the force line selected. For a long line, such as 3, the 
number of terms dl appearing in the sum will increase, but the field 
intensity becomes smaller as the distance from the coil increases. 

Eq. 1-23 can be put easily inf o a form which is similar to Ohm’s law 
for the electric circuit. For the magnetic iinluction B, the relation holds 

B = mom// (1-24) 

where mo is a constant equal to 0.47r, and m is the relative permeability 
of the material, i.e., the ratio of its permeability to that of fiee space 



Fig. 1-8. Induction B and permeability a* as a function of field intensity H. 

(vacuum). In Eqs. 1-23 and 1-24, the current / is expre.s.sed in amperes, 
H in ampere-turns per centimeter, which, as far as fundamental dimen¬ 
sions are concerned, is the same as amperes per centimeter, B in gausses, 
and Mo in gauss centimeter per ampere. 

For air m = 1> while for iron m is a variable wliich depends upon the 
saturation. As an example. Fig. 1-8 shows the value of m as a function of 
the field strength H for electrical sheet steel (1.0% silicon); in this case 
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M has a maximum value of 6100. The values of B are also shown in Fig. 
1-8. The BH curve is called the magnetization curve of the material in 
question. This curve is used in making calculations for magnetic circuits. 

The relation between magnetic flux 4>, cross-section A, and magnetic 
induction B is given by: 


where 


II 

(1-25) 

-24 and 1-25 in Eq. 1-23, there results: 


0.4x.¥7 


•0- 

II 

(1-26) 

^ rdl l 


~S~nA ~ ^ iiA 

(1-27) 


Ecj. 1-26 is Ohm^s law of the magnetic circuit. The factor NI is analogous 
to the enif in the electric circuit and is called the magnetomotive force. 
It is usually symbolized by M. Rm is the magnetic resistance or reluctance 
of the magnetic circuit. Rmy similar to the electric resistance, depends 
upon the length, cross-section, and magnetic conductivity or permeability 
of tlic flux path. Notice that Rm depends upon the value of Since in 
ferromagnetic materials varies with the magnetizing force, R,n also 
varies with the magnetizing force in these materials. An example of the 
application of the circuital law of the magnetic field is given in Chapter 4. 


1-4. Forces on conductors in a magnetic field, (a) Magnitude and direction 
of the force. When a current-carrying conductor is placed in a magnetic 
field, a force is exerted upon it. If the direction of the lines of induction 
make an angle a with the direction of the current-carrying conductor 
(Fig. 1-9), this force is 

/ = 8.S5 X Vr^BU sin a lb (l-28a) 

where I is the length of the conductor in inches, I the current in amperes, 
and B the density of the flux (in lines per square inch) in wliich the con¬ 
ductor is located. 

In electric machines, the lines of induction and the conductors are 
always perpendicular to each other. Thus, in electric machines, 

/ = 8.85 X 10-®5// lb (l-28b) 

The direction of the force/on the conductor can be determined with the 
aid of the left-hand rule: open the left hand, keep the fingers together and 
the thumb in the same plane as the palm but pointing at right angles to 
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the fingers. If the fingers point in the direction of current, and the flux 
enters the palm at right angles to it, the thumb points in the direction of 
the force. 



Fig. 1-9. Force on a current- 
carrying conductor in a magnetic 
field. 



Fig. 1-10. Determination 
of tlie dinM'tion of the 
force on a curnmt-carrying 
conductor in a magnetic 
field. 


Another rule for the determination of the direction of the force / is 
the following (Fig. 1-10): draw some lines of induction By draw a circle 
between the lines to represent the cross-section of 
the conductor, and show by two arrows aa the 
direction of tlie field due to the current in the 
conductor. The conductor will tend to move 
toward the region of opposing fields. 

It follows from these rules that the force / is 
always perpendicular to the plane tlirough I 
and B. 

(b) Direction of the force in an electric machine. 

The force on the coil between two poles in Fig. 

1-2 will be considered. Fig. 1-11 shows the di¬ 
rection of tlie forces exerted upon the two coil 
sides. Because of the large difference between 
the permeabilities of air and iron, the lines of 
induction in the air-gap are perpendicular to the 
iron and therefore the forces are tangential to 
the armature. The forces on both sides act as a 
couple and tend to rotate the coil about the arm¬ 
ature axis. The torque on each conductor, corresponding to the force /, 
is equal to fR, when R is the radius of the armature. In accordance with 



Fig. 1-11. Force on a coil of 
an electric machine. 
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the law of action and reaction, this torque acts not only upon the con¬ 
ductors but also upon the magnetic poles. 

In the case of an alternating field and a conductor carrying alternating 
current, the instantaneous values of the flux density B and the current 
I must be used in Eq. 1-28. If the average value of the force is calculated 
for a single period, it is found to depend upon the effective values of B and 
/, and upon the time phase displacement between these quantities, i.e., 

= 8.85 X cos (BJ) (1-29) 

The torque produced by the couple in Fig. 1-11 is greatest when the flux 
and current are in time phase. This point will be considered later. 

Eq. 1-28 for the force shows tliat the direction of the torque changes 
if the din'ction of either the flux or tlie current is changed. Changing 
the direction of the current and flux simultaneously does not change the 
direction of the tortiue. This explains why a unidirectional torque is 
possible in an a-c machine. 

The forces shown in Fig. 1-11 refer to a generator driven (by a prime 
mover) in clockwi.se direction. Fig. 1-11 also shows the direction of the 
torque produced by the generated current: it is counterclockwise. Thus, 
in the case of a generator, the torque developed between the conductors 
and the flux (the electromagnetic torque) acts in a direction opposite 
to the direction of rotation and has to be overcome by the prime mover. 
In the ca.se of a motor, the toriiue developed between the conductors 
and the flux is in tlie same direction as the direction of rotation and 
is delivered to its shaft. The balance of torques thus occurs in such a 
manner that in the generator the torque delivered by the prime mover 
is balanced by the opposing electromagnetic torque of the armature; in 
the motor the electromagnetic torque produced by the armature is bal¬ 
anced by the opposing torque of the load. It is well to remember that the 
generator converts mechanical power into electrical power and the motor 
converts electrical power into mechanical power. 

Eq. 1-29 wdiich gives the average value of the tangential force permits 
the derivation of a useful formula for the electromagnetic power of the 
electric machine. The torque produced by both sides of the coil (Fig. 1-11) 
is, in Ib-ft, 

r = 2 X S.Sf) X 10-«/«^ 7 cos (/?,/) X ^ (1-30) 

where R — D 2h the radius of the rotor in inches. The relation between 
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torque and power is given by the fundamental equation erf mechanics; 


T = 


5250 P, 


HP 


n 


7.04P. 

n 


Ib-ft 


(1-31) 


Observe that the area of the flux distribution curm, i.e., of the B curve 
(Fig. 1-4 or Fig. 1-5), is the flux per pole per unit length, so that for a 
sinusoidal flux distribution 

^=-rlB (1-32) 

where B is the amplitude of the sinusoidal B curve. The pole pitch t 
is given by Eq. 1-5. The speed n in Eq. 1-31 can be expressed by the 
frequency / using Eq. 1-9 with p = 2, since a 2-pole structure is con¬ 
sidered. 

Combining Eqs. 1-30, 1-31, and 1-32 and introducing Eq. 1-11 the 
following result is obtained for the power P: 

P = El cos (B,I) watts 

It is seen from Fig. 1-5 that E, being 90° behind 4>, is in phase with B, 
so that the electromagnetic power of the electric machine is 

P = El cos ^ watts (1~33) 

where ^ is the angle between E and I. 

Eq. 1-33, although derived for an elementary machine with two poles 
and a single coil under the assumption of a sinusoidal flux distribution, 
applies also to the actual electric machine. It will be seen later that 
the angle ^ is smaller than 90° in a generator and larger than 90° in a 
motor. 


1-5. Sinmnary. The four fundamental laws: 

1. Faraday’s law of induction, 

2. Kirchhoff’s law of the electric circuit, 

3. Circuital law of the magnetic field (Ampere’s law), 

4. Law of force on a conductor in a magnetic field (Biot-Savart’s law), 
can be correlated by a simple figure w'hich is very helpful for memorizing 
the four laws and their relations. This representation has been proposed 
by L. V. Bewley (see references on A-C Macliines). 

If, in the triangle of Fig. 1-12, the left side represents the current, the 
right side represents the voltage, and the base represents the magnetic, 
field intensity H as well as the flux density B = 0.4^nH and also the flux 
4 = B X Area, then the top corner which connects current and voltage 
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is to be assigned to Kirchhoff’s mesh law, the left corner which connects 
current and H is to be assigned to Ampere’s law (circuital law of the 
magnetic field), and the right corner which connects flux and voltage is 


Ohm’s law “ /7? 

Kirchhoff’s law 2:(r+i: )-/y? 



Fid. 1 12. Graphiftal correlation of the fundamental laws. 


to be assigned to Faraday’s induction law. Since the left corner connects 
not only current and //, but also current and B, it represents Ampere’s law 
and Biot-Savart’s law (law of force on a conductor in a magnetic field). 

PROBLEMS 

1. A conductor 10 in. long is moving with a velocity of 80 fpin perpendicular to a 
magnetic flux whose average density is 60,000 lines per sq. in. Determine the a verage 
voltage generated. 

2 . Determine the velocity of a conductor 15 in. long moving perpendicularly across 
a magnetic flux of 40,000 lines jiei sij. in. average density if an average voltage of 0.05 
volt is to bo induced. 

3. A 4-pole generator having a coil of 60 turns on the armature produces a maximum 
coil voltage of 2 Sj 3 volts with a pole flux of 10*^ maxwells. The flux distribution is sinu¬ 
soidal. Determine the geiKuator si)eed. 

4 . A conductor is ‘‘cutting flux” at an average rate of 150,000 lines j)er sec. Determine 
the average voltage induced in the conductor. 

5. It is desired to induce an average voltage of 3.5 volts in a coil linking a certain 
magnetic circuit. The flux changes from -|-200,000 lines to —200,000 lines in a time 
interval of 1 / 3 sec. Determine the numlier of turns on the coil. 

6. A 6-pole generator has a flux per pole of 2 X 10** maxwells. The armature rotates 
at 720 rpm. The flux distribution is sinusoidal. Determine the average emf and the 
maximum emf induced in a full pitch coil of 5 turns. 

7 . A square coil 10 in. on each edge has 25 turns and rotates at a speed of 1000 rpm 
in a magnetic field of 2000 lines per sq. in. Determine the maximum flux passing through 
the coil, and the average emf induced in the coil. What is the voltage if flux and speed 
are both increased 50%. 
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8. A 4-pole generator has a flux of 3.5 X 10® maxwells per pole. The armature 
rotates at 600 rpm. (a) Calculate the average voltage generated in a turn when it 
travels one pole pitch, (b) What is the average voltage generated in one conductor 
in 1/4 revolution of the armature? 

9 . An armature conductor 15 in. long moves in a flux the density of which is 50,000 
lines per sq. in. under the center of the pole. The diameter of the coil of which the 
conductor is a part is 15 in. and the armature rotates at 1200 rpm. What is the emf 
induced in the conductor when it lies under the center of the pole? 

10. At what speed must the armature of Problem 9 move in order that the emf 
induced in the conductor be 12 volts. 

11. A square coil, 8 in. on each edge, has 50 turns and its plane lies perpendicular 
to a uniform magnetic flux with a density of 5000 lines per sq. in. The coil rotates ^ 
turn about its axis in 0.08 sec. Determine: (a) maximum flux interlinked with the coil; 
(b) average emf induced during this 0.08 sec; (c) average emf induced if the coil is 
made to rotate at 150 rprn; (d) instantaneous emf when coil is perpendicular to the 
flux and also when it is parallel to the flux. 

12. A current of 10 amp flowing in a 400-turn coil produced a flux of 8000 lines 
interlinking these 400 turns. Determine: (a) the flux linkages in maxwell turns; (b) the 
self-inductance in henries. 

13. If the number of turns in the coil of Problem 12 is doubled and tlie current re¬ 
mains the same, determine the flux linkages and self-inductance in henries. Assume all 
flux lines link all turns. 

14. 1000 turns arc wound upon an iron core magnetic circuit of 3 sq. in. cross- 
section. A current of 9 amp produces a flux density of 85,000 lines per sq. in. and a 
current of 4 amp produces 65,000 lines per sq. in. Determine the coefficient of self- 
inductance for each current. 

15. The field of a shunt generator has a self-inductance of 35 henries. The current 
in the field winding is changed from 1.5 amp to O.SO amp in 0.01 sec. Determine the 
emf of self-induction. 

16. What is the emf of self-induction in Problem 15 if the current changes to zero 
in the same time? 

17. The four shunt field coils of a generator are connected in series and each has 
1000 turns. A direct current of 4.0 amp produces 0.5 X 10® lines of flux linking each 
coil. Determine: (a) the coefficient of self-inductance of the entire winding; (b) the 
total energy storage. If the field circuit is opened and the current decays to zero in 
0.25 sec, what is the average value of voltage generated across the field? 

18. Two field coils of a 2-pole machine are wound with 1500 turns each. A field 
current of 3.0 amp produces a flux of 3 X 10® maxwells linking each coil. What is tlic 
self-inductance of the field circuit? 

19. A 4-pole generator having 2000 field turns per pole produces a pole flux of 
3 X 10® maxwells when the field current is 2.80 amp. Determine: (a) maxwell-turn 
linkages per pole; (b) total maxwell-turn linkages; (c) coefficient of self-inductance of 
the field circuit. 

20. A mutual inductance of 3.1 henries magnetically couples two circuits. II tlie 
current in the first circuit changes from 2.75 to 1.0 amp in 0.015 sec, what is the average 
voltage induced in the second circuit? 

21. A cast-iron ring has a mean diameter of 12 in. and a circular cross-section of 
3.5 sq. in. area. Determine the number of ampere-turns required to produce a total 
flux of 110,000 maxwells. 
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22. Solve Problem 21 for the case where an air gap 0.10 in. is cut in the cast-iron 
ring. (Neglect fringing.) 

23. How many additional ampere-turns are required in Problem 21 if the total flux 
is (a) increased 20%, (b) decreased 20%. 

24. A cast-steel ring having a mean diameter of 5.5 in. and a circular cross-sectional 
area of 0.85 sq in. has an air gap 0.10 in. long cut in the ring, (a) Determine the number 
of ampere-turns necessary to produce fluxes of 30, 50, 80, 100 and 105 kilolines per sq in. 
(b) If the winding on the ring has 250 turns, plot the curve of total flux vs. exciting 
current. 

25. A 200-turn, single-layer coil is wound uniformly upon the entire of a wooden 
toroidal ring having a mean diameter of 6 in. and a square cross-section of 1 sq. in. area. 
Determine: (a) flux density in core when coil current is 4 amp; (b) flux density if the 
wooden ring is replaced by a cast-steel ring of the same dimensions and the coil carries 
4 amp. 

26. A cast-steel ring having a mean radius of 10 in. and a circular cross-section 2 in. 
in diameter is wound with a coil of 700 turns carrying 10 amp. Determine the flux 
density and the total flux. 

27. If an air gap 0.50 in. long is cut in a cast-iron ring of 10 in. mean radius and 3.5 
sq. in. circular cross-section, determine the total flux and flux density when 2500 
ampere-turns are impressed upon the magnetic circuit. 

28. A conductor 25 in. long carries a current of 15 amp and is acted upon by a force 
of 2 lb when placed in a magnetic flux perpendicular to the flux lines. Determine the 
flux density in gausses and in lines per square inch. 

29. Determine the current carried by a conductor 15 in. long if a force of 0.001 lb 
acts upon it when it is placed in a magnetic flux of 5(X)0 lines per sq in. flux density 
BO that the lines of flux make an angle of 45® with the normal to the conductor. 

30. A flat, square coil of 20 turns having an area of 60 sq in. is placed in a uniform 
magnetic flux, so that the plane of the coil is parallel to the flux lines and the two 
active coil sides lie perpendicular to the lines of flux. The flux density is 5000 lines per 
sq in. and the coil current is 10 amp. Determine: (a) the force in pounds acting on 
each side of the coil; (b) the torque in pound-feet acting to turn the coil. 

31. The coil in Problem 30 is replaced by a 25-turn rectangular coil having dimensions 
12" X 18", with the longer sides being the active conductors. Determine the turning 
torque in pound-feet when the current is 15 amp. 

32. Repeat Problem 31 with the plane of the coil making an angle of 45® with the 
direction of the flux lines. 

33. Repeat Problem 31 with the plane of the coil making an angle of 60® with the 
direction of the flux lines. 

34. A 15-in. conductor carrying 20 amp lies in a uniform magnetic flux. A force of 
0.25 lb tends to move the conductor perpendicular to the flux and to itself. Determine 
the flux density. 



Chapter 2 


MECHANICAL ELEMENTS OF THE D-C MACHINE 


It follows from Art. 1-4 that the magnetic flux and the current- 
carrying conductors are the two indispensable elements of the electric 
machine. The part of the machine on which the conductors producing 
the tangential forces (Eq. l-28b) are placed is called the armature. In 
the d-c machine this is the rotating inner part of the machine. The electro¬ 
magnets (poles) are stationary and are connected with the outer part of 
the machine or frame. 

M 


3 



i 


Fig. 2-1. Main flux path of a 2-pole d-c Fig. 2-2. Main flux path of a 6-pole d-c 
machine. machine. 

Figs. 2-1 and 2-2 show the magnetic paths of a 2-pole and of a 6-pole 
d-c machine. The flux originates in the poles which are mounted on the 
frame and on which field-exciting coils are placed. The armature is the 
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inner and rotating part of the machine. The armature conductors are 
placed in slots punched in the armature laminations. The path of the 
magnetic flux (Fig. 2-1) consists of: a part of the frame, two poles, 
two air-gajis between th(i poles and the armature, two sets of teeth on the 
armature, and a part of the armature core. 

The material of the armature conductors and fudd coils is copper, 
since, among the relatixely cheap materials, copper has the lowest 
resistivity and thus the lowest Pit losses. 



ru 3 . 2-3. Punohod laminated scgniont and partially assembled stack of laminations a 

large d-c niaeliine. 

The slots and armature conductors are usually placed parallel to the 
axis of the armature, but are also sometimes skewed at a sliglit angle to 
the axis. The armature iron must be laminated and the laminations 
insulated; otherwise the pole-flux will induce an emf not only in the con¬ 
ductors but also in the armature iron, wliich can be considered to consist 
of iron conductois placed on its surface, parallel to the real conductors 
in the slots. Currents, thus induced on the surface of the armature iron, 
will produce liigh PR losses in the iron without contributing much to the 
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torque developed by the machine. This kind of PR loss is called an eddy- 
current loss. For similar reasons (see Art. 10~1) the poles of d-c machines 
are usually laminated, while the frame is usually solid. 

At the bottom of Fig. 2-3 is shown a punched, laminated segment of a 
large d-c armature and, at the top, the process of stacking such lamina¬ 
tions. Fig. 2-4 shows the assembled 
core for a small, 2-polc, d-c armature 
with slot insulation inserted. In small 
machines where the length of the core 
is small, the entire core consists of a 
single stack. Fig. 2-5 shows a complete 
armature core, with commutator, for 
a large machine. Here the coi e ass('mbly 
is divided into five stacks, separatcvl 
by ventilating ducts. The purpose of 
these ducts is to transfer the heat de ¬ 
veloped in the iron (see Chapter 10) to 
the circulating air. It will be explained 
in Chapter 3 that the induced emf in a 
d-c mad line is an a-c emf. Tlie purpose of the commutator is to make the 
machine act, with respect to an external circuit, as though it continually 
produces a constant voltage*. 



Fio. 2-4. Assomhlod armature core for 
a small d-c ma(;liinc. 



Fkj. 2 5. (■f)mplol(*ly assembled armature core and commutator for a larp;e d-c machine. 


Fig. 2-6 shows a partially wound d-c armature. Fig. 2-7 shows a com¬ 
plete armature of a larger machine with the winding connected to the 
commutator. In Fig. 2-7 some of the wedges which hold the winding in 
place are partially inserted; the band wires which hold the end windings 
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have not yet been put on. Fig. 2-8 shows a complete d-c armature for a 
small machine, with a ventilating fan. The slots are skewed in order to 
reduce noise. 



Fia. 2 6. Partially wound d-c armature. 

A complete polo, assembled from laminations and held together by 
rivets, is shown in Fig. 2-9, which also show's a field coil consisting of two 



Fio. 2~7. Completely wound d-c armature with slot wedge.s partially in place. 

windings, one a shunt coil of fine wire over w’hich is w'ouml a series coil 
of heavy w'ire (see Art. 5-1). Whereas the armature laminations mmt be 
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Fia. 2-8. Small d-c armature with skewed slots and ventilating fan. 



Fig. 2-0. Field coil and fi<*ld ik)1c for a d-c macdiine. 



Fig. 2-10. Completely assembled pole core and field windings for a d-c machine, showing 

shunt and series windings. 



26 


r>-C AND A C ATACniNES 


insulated, the pole laminations are not insulated from each other because 
tliey are not influenced by the main flux. Fij^. 2-10 shows a complete 
field pole assembly for a larger d-c machine. Here the sc*i ies coil is made 



Ei(t. 2-11. (Jis^sciiiblcd slnlor for a 50-111*, 850-rpiii, 230-volt d-c machine showing 

main pdes and interpoles. 

up of copper riV)bon. 2-11 shows a completely assembled stator—that 
is, the stationary outer pait of the macliine consisting of the frame, 
four main poles with their fi(*ld windings, and four small poles called 



Fig, 2-12. Carbon brush mounted in a Fig. 2-13. Partially assembled brush 
brush holder. rigging for a d-c machine. 
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Fig. 2-14. Parts of a. 2-pol((, fraclioiial-HP d-<! motor. 



Fig. 2-15. Parts of a small integraMIP d-c motor. 





28 


D-C AND A-C MACHINES 


interpoles or commutating poles. The purpose of the mterpoles is to avoid 
sparking at the commutator which may be caused when the armature 
coils are short-circuited by the brushes on the commutator (see Art. 8-3). 



Fig. 2“16. 2500-IIP, 225/450 rpm d-c mill motor. 

Fig. 2-12 shows a single carbon brush mounted in a brush holder. The 
current is conducted from the brush to the brush holder by a flexible 
copper pigtail. In order to produce the necessary pressure for smooth 



Fio. 2-17. Small totally enclosed mill-type motor. 
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r unning of the brush on the commutator, an adjustable spring bears on 
the top of the brush. Fig. 2-13 shows a brush rigging consisting of a rocker 
ring, four brush studs (one not shown), and four brushes on each stud. 
Current passes from the brush holder to tlie stud, which is insulated from 
the rocker ring. All positive studs are connected together, as well as all 
negative studs, to form the positive and negative, + and —, terminals 
of the machine. 

Fig. 2-14 shows all the parts of a 2-pole, fractional-horsepower motor 
with no interpoles. Fig. 2-15 shows the parts of a small, integral-horse¬ 
power motor with tw^o main poles and one interpole. Fig. 2-16 shows a 
large d-c mill motor, and Fig. 2-17 a smaller mill-t>T)e motor, which is 
totally enclosed. 



Chapter 3 


D-C ARMATURE WINDINGS 


3-1. Two types of closed windings: lap and wave windings. It })as already 
been mentioned tliat the d-c generator, as used in practice, is an a-c 
machine with a special device, the commutator, w^hich makes it possible 
to pick up from the winding a fixed instantaneous value of the a-c voltage. 
With respect to the external circuit, the voltage then appears as a con¬ 
stant quantity. The same applies to the d-c motor. The operation of the 
commutator will be studied in Art. 3-4. 

In order that the commutator accomplish its purpose, the armature 
winding must be a closed one, i.e., if, starting at a certain point, the 
winding is followed through all its turns, the starting point is reached 
again. There are two types of closed windings, the lap winding and the 
wave winding. 

The coil span of any w inding must be equal to or approximately equal 
to a pole pitch (see Art. 1-1). Then the winding is most effective, since 
its turns are able to interlink the total pole-flux (Fig. 1-2). The two con¬ 
ductors of each turn of such a w inding alw ays lie under poles of different 
polarity, so that the emf’s induced in the two conductors add. 

Fig. 3-1 show’s the lap winding. Turn a consists of conductors a'-o", 
turn b consists of conductors 6'-//', and so forth. The end of turn a (a") is 
connected with the beginning of turn b (6') w hich lies under the same pole 
as the beginning of turn a; the end of turn b (b") is connected with the 
beginning of turn c (c')» and so forth. The end of the last turn of the 
winding is then connected w ith the beginning of the first turn and the 
winding is closed. 

It is important that the end of a turn and the beginning of the next 
following turn lie under poles of different polarity, otherwise the emf^s 
of two consecutive turns w ill not add. This is achieved in the lap w inding. 
Fig. 3-1, by connecting the end of turn a (a") w ith the beginning of turn 
b (6') which lies under the same pole as the begimiing of turn a (a'). 

30 



D-C ARMATURE WINDINGS 


31 


Apparently the addition of the emf’s of consecutive turns can also be 
achieved in the way shown in Fig. 3-2. Here the end of turn a (a") which 
lies under a S-pole is connected with a turn-beginning (b') which Hes 
under a N-pole; however, the latter N-pole is not the N-pole under which 
the beginning of coil a (a') lies but the next following N-pole. The coil 
connection of Fig. 3-2 is that of the wave winding. 




Fio. 3-1. Klenienta of 
a lap winding. 


Fig. 3-2. Elements of a wave winding. 


Two steps are necessary in order to follow from the beginning of a turn 
to the beginning of the next following turn. The steps are one forward 
and one backward step in the lap winding; they are two forward steps 
in the wave winding. 

The wave winding of Fig. 3-2 is a closed winding just as the lap 
winding is closed. The first wave is connected to the commutator bars 
1,10, 19; the second wave is connected to the commutator bars 19, 9, 18; 
and so forth. The last wave is connected to commutator bars 12, 2, 11, 
and the last turn is connected to commutator bars 11 and 1 closing the 
winding (see also Fig. 3-11). 

Tlie lap and wave windings behave differently. For the same number 
of turns, same pole-flux, and same speed (Eq. 1-3), the lap winding 
generates a lower voltage than the wave winding. This is due to the fact 
that the lap winding has more parallel circuits than the wave winding, 
i.e., fewer coils are connected in series in the lap winding than in the wave 
winding, thus yielding a lower voltage. This will be explained in some 
detail in the following articles. 

3-2. Winding pitch. Back pitch and front pitch. The distance between 
the beginnings of two consecutive turns is called the winding pitch (y). 
The distances wliich correspond to the two steps necessary to follow from 
the beginning of a turn to the beginning of the next following turn are 
called back pitch (ijb) and front pitch (?//). The three pitches are shown in 
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Figs. 3-1 and 3-2. Corresponding to the fact that in the lap winding one 
of the two steps necessary to follow from the beginning of one turn to 
the beginning of the succeeding turn is a forward step, and the other a 
backward step, the winding pitch (y) of the lap winding is equal to the 
difference of back pitch and front pitch. 

y = Vb- yj lap winding (3-1) 

Since both steps necessary to follow from the beginning of one turn to the 
beginning of the next succeeding turn in the wave winding are forward 
steps, the winding pitch of the wave winding is equal to the sum of the 
back pitch and front pitch. 


?y = 2/6 + 2// wave winding (3-2) 

In larger machines, a turn is the winding element. In smaller machines, 
the winding element may have more than one turn, as shown in Figs. 
3-3 and 3-4. 

In these latter cases, the statements made in the foregoing with respect 
to the beginnings and ends of a turn refer to the beginnings and ends of 
the winding element, i.e., of the coil consisting of several turns. It will 



Fid. 3 3. 10U*iiu*iit. of a lap 
winding with two turnH. 



Fiu. 3-4. Element of a w’ave 
winding w ith tw’O turns. 


become clear from Art. 3-4 that the beginning and the end of each 
winding element must be coimected to a commutator bar. Therefore 
there are as many commutator bars as winding elements for both the lap 
and wave windings. 

Since the commutator is an image of the winding, quantities referring 
to the winding can be expressed in terms of commutator bars (commutator 
pitches). Thus the winding pitch, the back pitch, and front pitch can be 
expressed in commutat or bars. It is seen from Fig. 3-1 tliat the winding 
pitch of the lap winding is equal to one commutator bar. 

y = 1 lap winding 


(3-3) 
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The winding pitch of the wave winding is approximately equal to the 
number of commutator bars in two poles (see Fig. 3-2). 

It is 


y = 


k ^ 1 


wave winding 


( 3 ^) 


where k is the total number of commutator bars. The winding pitch vmsl 
deviate from the number of bars in two poles, otherwise each p/2 winding 
elements will make a closed circuit and a series connection of the coils 
ivill not be achieved. 

The back pitch of the lap as w’ell as of the wave winding must be equal 
or approximately equal to the number of commutator bars per pole, in 
order that the coil span be equal or approximately equal to a pole pitch. 

Example 3-1. 4-poIe machine with 3f) wintling elements and lap winding. What are 
the back and front pitches of this winding, expressed in commutator bais? 

Since there are 36 winding elements, the number of commutator bars is 36. The 
number of commutator bars per pole is then 36/4 = 9, making the back pitch ^6=9; 
the front pitch becomes (Eq. 3-1) ?// = //& — 1 =8 commutator pitches. 

Example 3-2. 4-pole machine with 37 winding elements and wave winding. What 
are the three pitches of this winding expressed in commutator bars? 

Since there are 37 winding elements, the number of commutator bars is ecjual to 37. 
From Eq. 3-4 

37 =F 1 

winding pitch y = —r— = 18 or 19 


The number of commutator bars jier pole is 37/4 = 9.25. 

The back pitch is made yh = 9. 

Therefore (Eq. 3-2) the front pitch is either ?// = 18-9 = 9 or 19-9 = 10 commutator 
pitches. 


3-3. Number of parallel paths in the lap and wave winding. Niunber of 
brush studs. Direct-current armature windings are usually 2-layer as 
shown in Fig. 3-5. Each layer may have one, two, or more conductors. 
There are three conductors in each layer of Fig. 3-5. Each turn of the 
winding has one conductor in the upper layer and the other conductor 
in the lower layer. A 2-layer winding with two conductors per layer is 
shown in Fig. 3-6. The conductors indicated by black circles belong to 
the same turns. 

Fig. 3-7 shows a 4-pole lap winding developed. Fig. 3-8 shows the 
same winding in a polar diagram. The number of slots is 20, and the 
number of conductors in each layer of the slot is one. The total number 
of conductors is 20 X 2 = 40, and therefore the number of turns (wind¬ 
ing elements) as well as the number of commutator bars is 20. A pole 
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pitch is 20/4 = 5 commutator bars, and the back pitch (coil span) is 
chosen to be equal to 5 commutator bars. Since there is only 1 conductor 
per layer in the slot, the back pitch is also equal to 5 slot pitches. The 
front pitch must be equal to 4 commutator bars or slot pitches, in order 
that the winding pitch is equal to 1, Eq. 3-3. 



I'lfi. 3 0 . Tw()-hiyt*r windiii;/;. 



Fig. 3-6. Two-layer winding with two 
conductors per layer. 


In Fig. 3-7, the upper and lower layers arc shown next to each other, 
wi(,h tlie upper layer represented by a full line and the lower layer by a 
dotted line. Corresponding to the coil span, ijb = o commutator bars = 5 



Fig. 3-7. Developed diagram of a 4-jwle, 2-layer lap winding wdth 20 slots and one conductor 

per layer. 


slot pitches, upper conductor 1 is connected to lower conductor 1 + yi, = 
1+5=6, then this lower conductor to upper conductor 6 — j// = 
6 — 4 = 2, and so forth, until the winding is closed. 

It follows from Faraday’s law. Art. 1-1, Fig. 1-2, that all conductors 
lying under a pole of certain polarity have emf’s of the same direction 
and that conductors lying under poles of different polarity have emf’s 
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of different directions. For this reason, the emf’s of consequent poles 
have different directions in Fig. 3-7. No emf direction is given to the 
conductors which lie close to the middle of the interpolar space, because 
ihcre the flux densit}' is very small and the induced emf negligible (see 
Fig. 1^ and Eq. 1-4). 



Lap Winding 

Fig. 3-8. Pt)lar diagram of the winding shown in Fig. 3-7. 


Starting at point a in Fig. 3-7 and following through the winding. 
Fig. 3-9 is obtained for the sequence of the upper conductors and for the 
direction of the induced emf’s (indicated by arrows). It is not necessary 
here to consider the lower conductors, since the coil span is equal to a 
pole pitch and the emf of each lower conductor is equal to and auto¬ 
matically adds to the emf of its upper conductor. (Conductors lying 
between poles do not contribute to the emf and are not included.) 
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Considering Fig. 3-9, there are four groups of turns, each group con¬ 
sisting of four turns in wliich an emf is induced. A voltage difference 
exists between the points a and b, a and c, d and 6, and d and c, but there 


a 



Fig. 3-9. Sequence of Fig. 3-10. The four parallel circuits of the 

upper conductors and di- winding shown in Fig. 3 7. 

re(!tion of the emf’a of 
winding shown in Fig. 3-7. 

is no voltage difference lietwecn the points a and d or between the points 
b and c. Points a and d and points 6 and c can be connected, respectively, 
yielding the grouping Fig. 3-10, w^hich shows that the winding has four 
parallel circuits, i.e,, as many as there are poles. It is a characteristic 



Fig. 3-11. Developed diagram of a 4-pole, 2-layer wave winding with 19 slots and one con¬ 
ductor per layer. 
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feature of the lap winding that its number of parallel circuits is equal to 
its number of poles. Thus, a lap winding will have 8 parallel circuits in an 
8-pole machine, 16 parallel circuits in a 16-pole machine, and so forth. 

Fig. 3-11 shows a 4-pole wave winding developed, and Fig. 3-12 shows 
the same winding in a polar diagram. The number of slots is 19 and the 



Fig. 3-12. Fcjlar diai;nim of tho winding shown in Fig. 3-11. 


number of conductors in eticli layer of the slot is 1. The total number of 
conductoi s is 19 X 2 = 38, and therefore the number of turns (winding 
elements) as well as the numl)er of commutator bars is 19. According to 
Eq. 3-4, the winding pitch is 

19-1 

y = 


2 


= 9 = ^6 +1// 
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commutator bars. To a pole pitch correspond 19/4 = 4f commuta¬ 
tor bars. The coil span is chosen as 5 commutator bars, i.e., close to 
the pole pitch and somewhat larger than the pole pitch. The forward 
pitch is then 9 — 5 = 4 commutator bars. Since there is only 1 conductor 
per layer in the slot, the back pitch and front pitch are 5 and 4 slots 
respectively, if they are expressed in slot pitches. Thus, starting with 
upper conductor 1, a connection must be made to lower conductor 
1 + 2/6 — 1 + 5 = 6 on the side opposite the commutator (back end), 
then to upper conductor 6 + ?// = 6 + 4 = 10 on the commutator side, 
then again to lower conductor 10 + = 10 + 5 = 15, next to upper 

conductor 15 + 4 = 19, and so forth, until the winding is closed. 

Starting at point a in Fig. 3-11 and following through the winding, 
Fig. 3-13 is obtained for the secjiicru'e of the upper and lower conductors 

and for the direction of the induced ernf’s. 



Upper and lower conductors must l)e con¬ 
sidered here because the coil span is not equal 
to the pole pitch. It is seen from this figure 
that here there are only two parallel circuits 
as compared with the four parallel circuits of 
t he 4-pole lap winding (Fig. 3 -7 and 3-10). It 
is a characteristic feature of thiO wave winding 


12 16 17 



Tlui two Fio. 3-!on. Example — Arrangement of con- 

lel circuits of tlie winding duetors in slots, 

shown in Fig. 3-11. 


that it has only two parallel cireuitSj regardless of the number of poles. 
This feature of the wave winding is the reason why it is designated as a 
series windingy and tlie lap winding is designated as a parallel winding. 
It is seen from Figs. 310 and 3 13 that four external connections to 
the winding, i.e., four brush studs on tlie commutator, are necessary for 
the 4-pole lap winding and only two brush studs for the .4-pole wave 
winding. In general, t he lap winding needs as many brush Studs as there 
are poleSy since it has as many parallel circuits as poles. Half of the brush 
studs arc of positive polarity; half, of negative. As to the wave winding, 
two brush studs, one positive and one negative, suffice for any number of 
poles. However, the wave winding also normally has as many brush studs 
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as poles. This has the advantage that, for a given current, the commutator 
is shorter. The positive as well as the negative brush studs are then in- 
ternall}^ connected by the winding elements short-circuited by the brushes 
(see Fig. 3"11). 

It is seen from Figs. 3-7 and 3-11 that physically the brushes must 
lie under the center lines of the poles. The active parts (the conductors) 
of the winding elements short-circuited by the brushes then lie in the 
iiiterpolar spaces. In schematic diagrams (see Art. 4 3) the brushes are 
usually placed in the center lines of the interpolar spaces to indicate the 
conductors to which they are connected. In Figs. 3-7,3-S, 3-11, and 3-12, 
the polarity of the brushes is definitely determined by the pole polarities 
and the direction of rotation of the armature. In the schematic diagrams, 
the polarity of the brushes is not definitely determined and may be as¬ 
signed arbitrarily. 

It has been mentioned in Art. 3-2 that the winding pitch of the wave 
winding must deviate from the number of commutator l)ars in two poles. 

In Eq. 3-4 this deviation is ^ commutator l)ars. If this deviation is 


2 

made —— commutator bars, the winding will have four parallel circuits 
instead of two, independently of the number of poles. Su(*h a winding is 


called a duplex wave winding. Making the deviation equal to 


3 

p/2 


the triplex wave winding with six parallel circuits is ol)tained. 

The lap and the simplex wave windings are most commonly used in 
d-c armatures. Almost all small machines and high-voltage maclunes are 
designed w ith the simplex wave winding. 


Example 3-3. 8-pole armature with 132 slots. 2-layer winding with three conductors 
{)er hn^r in the slot. Lap winding. 

Determine the number of commutator bars and the back and front pitches. Show 
the se(iuencc in which the conductors ;ire connected. 

Since there are three conductors per layer in the slot, the total number of winding 
elements is 132 X 3 = 39G; therefore, the number of commutator bars is 

k = 396 


The number of commutator bars per pole is 390/8 = 49|, and the back pitch must be 
close to this figui’e. The number of slots i)er pole is 132/8 = 16^ and the back pitch, 
if measured in slot pitches, also must be close to this figure. The back pitch is 
chosen as 16 slot pitches = 16 X 3 =48 commutator pitches. Fig. 3-13a shows 
the arrangement of the conductors in the slots. Since the back pitch is 16 slot pitches, 
upper conductor 1 is connected with a lower conductor lying in slot 1 -f* 16 = 17 and, 
since it is 48 commutator pitches, upper conductor 1 is connected with lower conductor 
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1 + 48 r= 49'. According to Eqs. 3 1 and 3-3, the front pitch is y/ — 47. Thus lower 
conductor 49' must be conn(*(*ted with upper conductor 49' — 47 = 2, and so forth. 
The sequence in which the conductois are connected is 

1 -‘19'-2-50'-3-51 '-4-52'-5-53'_ 

The three turns 1-49', 2-50', and 3-51' lie in the same slots (I and 17); they are insulated 
together and placed in the slots together. The same applies for the turns 4-52', 5-53', 
6-54', and so fortli. 

3-4. Operation of the commutator. Fig 3-14 shows a 2-pole machine with 
12 winding elements. It will be assumed tliat the flux is sinusoidally dis¬ 
tributed over the armature. Then the emf’s induced in the individual 
winding elements are sinusoidal functions of time (see Eq. l-6b). 



Ki'. o 1 1. Two- 15. Voltam' star aod V(.llat;c polygon 

pole machine wiWx for the 2-polc >MiuIing pIhami in Fig. 3 H. 

12 winding eU'- 
mcnls. One layer 
hIiou n 

Only tlie upper conductors are shown in Fig. 3-14. The lower conduc¬ 
tors lie a polo pit eh apart from their upper eoiiduetors. So, for example, 
the lower conductor of winding element 1 lies in the same slot as upper 
conductor 7; the lower conductor of winding element 2 lies in the same 
slot as upper conductor 8, and so forth. For the position of the conductors 
shown in Fig. 3-14, winding elements 1 and 7 produce maximum in¬ 
stantaneous emf, since their flux interliukage is zero (see Fig. 1-5). On 
the other hand, winding elements 4 and 10 have zero induced emf, since 
their flux interliukage is maximum: they arc interlinked with the total 
pole-flux. Since the emf of each wdiiding element is a sinusoidal function, 
its amplitude can be represented by a phasor (Art. 1-2). The phasors 
representing the amplitudes of the individual w inding elements will be 
shifted with respect to each other corresponding to their position on the 
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armature. Thus, the phasors of all winding elements yield a voltage star, 
as shown in Fig. 3—15a. The time line (T.L.) is placed corresponding to 
Fig. 13-14, i.e., in such a position that the instantaneous value of the 
emf is maximum in winding elements 1 and 7. 

If the phasors of Fig. 3-15a are arranged in succession in the same 
order in which the\' follow one another in the winding, the voltage polygon 
Fig. 3-15b is obtained. 

If two arbitrary diametrically opposed points of the winding, for 
example, the connection points between winding elements 5 and 6, and 
11 and 12, are joined to two slip rings rotating mth the winding, and a 
voltage is taken from these slip rings by means of brushes, this voltage 
is a single-phase alternating voltage, the amplitude of which is equal to the 
length of the connecting line 5-11 in Fig. 3-15b, which in turn is the 
geometric sum of the individual voltages 12, 1, 2, 3, 4, and 5, or 6, 7, 8, 9, 
10, and 11. This alternating voltage is a maximum when the armature 



position of the two brushes wit h respect to the time line. The brushes will 
pick up the amplitude of the single-phase emf, when they are parallel to 
the time line. 

However, it is impractical to remove the insulation at one end of the 
armature. The practical .solution consists in tapping the closed armature 
winding at all points at which the winding elements are connected to each 
other and connecting these tap points to bare bars insulated from each 
other, i.e., a commutator. Brushes resting on the commutator then 
accomplish the problem of picking up continuously a fixed instantaneous 
value of the a-c voltage generated in the winding. 

The connection between the winding elements and the commutator 
bars is best shown on the older tyT)e of the closed armature winding, the 
ring winding. Fig. 3-16. In this winding, half of each turn lies inside of 
the armature iron so that each turn is linked with only one-half of the 
pole flux as compared with the total pole flux in the case of the previously 
considered 2-layer winding. For the same output the ring winding requires 
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about twice as much copper as the 2-layer winding and is much more 
difficult to manufacture. 

Fig. 3~16 shows how the winding is tapped at the connection points 
between the winding elements and how these tap points are connected to 

the commutator bars. 

It has been pointed out already (Art. 
3-3) that in the 2-layer winding the brushes 
must lie in the pole axes. In tliis position 
they are connected to the conductors which 
lie in or close to center lines of the inter- 
polar spaces (neutral axes), and pick up 
from the commutator the maximum value 
of the a-c voltage. 

The voltage at tlie brushes is not abso¬ 
lutely constant. There is a slight variation 
in the voltage l)ecause the brush covers 
alternately one or two commutator bars 
(Fig. 3-7). This changes the form of the 
voltage polygon with respect to the brushes, 
as shown in Fig. 3-17. The voltage between 
the brushes is alternately equal to chord 
3-10 or to diameter 4-10. The variation de¬ 
creases wiili an increase in the number of commutator bars (winding 
elements). With a large number of winding elements the voltage polygon 
approaches a circle and the variation is very small. Most practical ma¬ 
chines closely appr()a(*h tliis condition. This variation is commonly re¬ 
ferred to as a commutator ripple. 

3- 5. Equalizer connections. Conditions for sjrmmetry. A 2-pole winding 
is considered in Figs. 3-14 and 3-15. If the voltage polygon is drawn for a 

4- pole lap winding, it is found that the polygon closes after passing 
through only two poles (two armature circuits) and that the total wind¬ 
ing is represented by two identical polygons winch coincide, if placed 
one above the otlier. On the other hand, a 4-pole wave winding yields only 
one voltage polygon. In general, there are as many voltage polygons as 
there are pairs of parallel circuits, i.e., p/2 polygons in the lap winding 
and only one polygon, independent of the number of poles, in the simple 
wave winding. The duplex-wave winding has two identical voltage 
polygons. 

The points of the polygons which coincide when placed one above the 
other are in-phaae points. In t he case of the 4-pole lap winding, there is a 



Fia. 3-16. Two-polo d-c machine 
with ring winding showing connec¬ 
tion of w'inding elements to com¬ 
mutator. 
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large number of pairs of in-phase points; in the 6-poIe lap winding, there 
is a large number of triplets of in-phase points and so forth. The simple 
wave winding has no in-phase points. 

If the field (pole) system is not symmetrical or if the armature bear¬ 
ings are eccentric, asymmetry between the pole-fluxes of the machine 
results. This asymmetry has no effect on the magnitude of the emf’s in¬ 
duced in the indi^ddual circuits of a .simple wave winding, because in this 
winding the winding elements of each parallel path are distributed under 



Fig. 3-17. Ihxplanation cf Uk* voltage variiilioii ( f a tl-c machine. 

all poles of the machine. The effect of flux asymmetry is quite different in 
lap windings. Here the winding eleincnts which belong to an armature 
path lie only under two adjaceni poles. Ilecause of the flux asymmetry, the 
emf’s of the individual paths are no long(!r equal, and the points of the 
winding which were in-phase points under conditions of complete sym¬ 
metry are no longer in phase. Since some of t hese points arc connected by 
l)rushes of the same polarity, circulating current will flow tlirough the 
bru.shcs. Sparking at the commutator can result easily in this case, if 
individual brushes are overloaded. 

In order to rid the brushes of these circulating currents, some in-phase 
points of the winding, between which no voltage difference would exist 
under conditions of complete symmetry, are tied together by equalizer 
connections of negligible resistance. An alternating current then flows 
through the winding and equalizers, which leads to an improvement of 
the commutation but gives rise to additional heating lo.s.ses. 

It follow'S from the foregoing that equalizer connections should be 
applied to the multiple-pole lap windings and to the wave windings with 
more than two parallel circuits (duplex wave windings, triplex wave 
windings, etc.). 

Direct-current armature windings must be symmetrical in order to gi'^^e 
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good commutation. The conditions of symmetry for the lap as well as 
for the wave winding are: the number of slots as well as the number of 
winding elements (commutator l)ars) must be divisible by the number of 



Fig. 3-18. Example of insulation of an armature winding with bare 
roct lingular strap copper. 


pairs of parallel circuits. Further, the number of poles must be divisible 
by the number of parallel circuits in the wave winding with more than 
two parallel circuits. 

Fig. 3-18 shows an example of the insulation of a d-c armature winding. 

3-6. Emf induced in a d-c armatxire winding. The emf induced in a d-c 
armature winding can be obtained either from Va\. 1-11 

E = ^ A7<l>10-» volt (S-fw) 

V2 

for the effective value of the induced emf or from Eq. 1-3a 

£ = 4<l« ^ — 10-« volt (3-511) 

for the average value of the induced emf. In both equations N is the 
number of turns between two brushes of different polarity (number of 
turns per circuit). If 

Z = total number of conductors of the armature, 
a = number of parallel circuits, 
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t hen the total number of turns is Z/2, and the number of turns between 
t wo brushes of different polarity (number of turns per circuit) isZ/2a. 

It is presumed in Eqs. 3-5a and 3—5b that the N turns are concentrated 
in such a manner that they are all interlinked with the same number of 
flux lines at any instant of time (see Art. 1-1). This is apparently not the 
case: the Z/2a turns of a circuit are shifted with respect to each other and 
the emf’s induced in them are not in phase. Consider the voltage polygon, 
p^igs. 3-15 and 3-17: the brushes pick up a voltage corresponding to the 
diameter of a circle, while the algebraic sum of the voltages of all wdnding 
elements between the brushes is equal to half the circumference of the 
circle. This means that, because of the slxift of the Z/2a winding elements 
with respect to each other, the voltage between the two brushes is reduced 
in the ratio 

diameter 2 

half of the circle tt 

and both Eqs. 3-5a and 3-5b must be multiplied by this factor. 

Remembering that the brushes are placed in such a position that they 
pick up the amplitude of the induced a-c voltage, Eq. 3-5a must be 
multiplied by V2 and Eq. 3-5b by ir/2. 

Replacing N by Z/2a and either multiplying Eq. 3-5a by 2/*- and 
V2 or multiplying Eq. 3-5b by 2/7r and t/2, the emf between two 
l)ru.slics of different polarity of a d-c armature becomes 

E = z~ — volt (3-6) 

a 60 

This equation will be discussed once more in connection with the emf 
induced in an a-c winding (see Art. 22-1). 

The derivation of Eq. 3-6 is based on the voltage polygon. Fig. 3-15; 
this means that sinusoidal flux distribution is assumed. However, this 
equation holds for any flux distribution, as can be seen from the following 
discussion which gives another derivation for the emf between brushes 
of different polarity of the d-c machine. 

If Z is the total number of conductors (in both layers), then the num¬ 
ber of conductors per layer per path is Z 12a, Since an armature path 
covers a pole pitch (t), there are (Z/2oT)dx conductors per layer in the 
arc dx of the armatiu'e circumference. Applying Eq. l-2a to the con¬ 
ductors Ijdng in the arc dx, the induced emf is 

E 

e* = BJLv X ICT* X ^ dx 
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where Bx is the flux density at the element dx. The total emf induced in 
the path per layer is found by integrating Cx over the length of the path, t. 
Thus 

7?' = f l(r" f Bxl dx 
2ar J 

The integral is the flux per pole 4> (see Fig. 1-4 or 1-5 and also Art. 1-4), 
so that the emf induced in a path per layer is 

, Z/’ „ 

F' = X 10"® 

Jar 

If the winding is full-pitch, i.e., if the back pitch of the winding (width 
of the coil) is equal to the pole pitch, both conductors of a turn (which 
lie in different layers) lie in flux densities of the same magnitude and 
the emf’s indiu^ed in them are eciual at any instant of time (see Art. 
1-1). Tluirefore, the total emf per path (for both layers) is 2 X F\ 
Introducing for r 


V = 


rPn 

wT 


pm 


tlie resultant emf Dctween two l)rushes of different polarity is 

E volt 

a ()0 


This is the same as Eq. 3-6. However, the first derivation, on the basis of 
Eep 3-5a and the voltage polygon, is general and applies to d-c as well as 
a-c windings (see Art. 22-1), while the second derivation for E applies 
only to the voltage between two brushes of t he d-c machine. 

D-c armature windings usually are only slightly chorded or full- 
pitch. Since the pole-flux density is very small in the interpolar space, a 
little chording does not influence materially tlie value of E as given by 
hkp 3-6. 


Example 3-^. Deterniine the flux necessary to induce an. emf of 240 volts in the 
armjiturc of a 6-pole d-c generator with 72 slots, 6 ct)nductors per slot, 1 turn per 
winding element, n = 1200, lap winding. 

The total numher of conductors is Z = 72 X 6 = 432. For the lap winding a = p 
= (). From Kq. 3 (i 




210 X 10 *’ 


60 G 

X - -- 2.78 X 10® maxwells 
1200 6 


3-7. Torque produced by a d-c machine. The electromagnetic torque 
produced by a d-c machine can be calculated from the basic law of force 
on a conductor in a magnetic field (Art. 1-A). 
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According to Eq. l~28b, the force exerted on a single conductor is 
/ = 8.85 BlI X 10^ lb 

where B is in lines per square inch, I is in inches, and I is in amperes. In 
the d-c machine, the current per conductor, i.e., the total armature cur¬ 
rent la divided by the number of parallel paths a, has to be introduced 
for I. Further, the effective conductor length has to be introduced for 1. 
In medium-sized and larger machines the armature core is divided into 
several stacks by radial vents as explained in Chapter 2 (Fig. 2-5). 
The flux density in the vents is much smaller than that in the gap b('- 
tween poles and armature iron. However, tlie length of all vents is only 
10 to 15% of the core length so that the effective conductor length is only 
somewhat smaller than the core length. 

With the armature diameter D expressed in inches, the torque in pound- 
feet produced by a single conductor of a smootli armature is 

f ^ rS 12 “ ^2 -a 

where Bg is the flux density in the air ga|) around the armature. 

The conductors lying under a pole of a fixed polarity all luive currents 
of the same direction and their torques 
add. Also, all conductors lying under 
poles of different polarity add their 
torques (see Art. 1-4). Thus the total 
torque is obtained by multiplying the 
torque produced by a single conductor 
by the total number of conductors of the 
armature, Z. 

However, it must be taken into ac¬ 
count that Bg is not the same for all 
conductors. The flux density is small in 
the interpolar spaces as can be seen from 
Fig. 1^ wliich represents the flux distri¬ 
bution of a d-c macliine. If tliis distri¬ 
bution is replaced by a rectangle of equal 
area with the value of Bg under the 
middle of the pole as its height (Fig. 

3-19), then the width of this rectangle 
is equal to be and the torque of the single conductor, Eq. 3-7, must 
be multiplied by (be/T)Z in order to obtain the total torque. 

Bgbe is the area of the flux distribution curve and is, therefore, equal to 






■be ;| 

r — 




Fig. 3-19. Flux dislribution curve of 
a d-c machine. 
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the flux per inch of armature length, if Bg is measured in lines per square 
inch and h, is measured in inches (also see Art. 1-4). BJbeU is therefore 
the flux per pole 4>; i.e., 

4' = heleBg (3-8) 

Multiplying Eq. 3-7 by Q)elr)Z and introducing $ for BgbX and pr 
for irD, the torque produced by a d-c machine becomes 

r = 0.1174 X 10-« ^ Z<t>Ia Ib-ft (3-9) 

a 

The electromagnetic torque of the machine is proportional to its total 
flux (p4>) and to its total ampere-conductors (7a/a)Z. For a given machine 
0.1174 X 10~®(p/a)Z is a constant so that 

T = C4>/„ (3-10) 

The foregoing derivation of the torque is based on the assumption that 
the conductors lie directly in the pole-flux (smooth armatiu*e). In the 
actual machine the conductors are placed in slots. The pole flux takes 
its path mainly through the teeth, and the flux density in the slots, where 
the conductors lie, is small. Despite this fact, Eq. 3-9 yields correct 
results for the torque. The proof is beyond the scope of this treatise. 

Notice that the torque can be calculated also from the electromagnetic 
power. It follows from Eqs. 1-31 and 1-33 

7 04 

T = —EIJh-h (3-11) 

n 

This equation also can be obtained from Eq. 3-9 by substituting for $ 
the value which follows from Eq. 3-G. 

PROBLEMS 

1. A 250-kw, 6-pole, 240-volt, 1200-rpm d-c generator, the magnetic circuit of which 
is treated in Chapter 4, has 72 slots, a 2-layer winding with 6 conductors per slot, one 
turn per winding element, and a = p = 6. (a) Determine the number of commutator 
bars necessary, (b) How many commutator bars would l>e necessary if each winding 
element had two turns? (c) Are both windings symmetrical? 

2. The flux i>er }K)le of the generator in Problem 1 is 2.78 X 10® maxwells. Determine 
the emf induced l^etween brushes for a lap winding with one turn and two turns per 
winding element. 

3. If the generator considered in Problems 1 and 2 is retlesigned as a simple wave 
winding, determine the induced emf at the same s])eed and pole flux? What will be the 
ratio of the armature currents for the same load for the simple lap and simple wave 
windings? Use one turn (ler winding element and same total number of turns. 

4 . Draw the developed winding diagram of a 2-layer lap winding for a 24-slot, 4-pole 
machine with four conductors per slot and one turn per winding element. 
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5. Draw the developed winding diagram of a 2-layer simple wave winding for a 
37-slot 6-pole machine with four conductors per slot, one turn per winding element* 
Show the position of the brushes. Is the winding symmetrical? If each slot contained 
two conductors instead of four w^ould the w^inding be symmetrical? 

6. A 500-kw, 250-volt, 4-fK)lc, 90()-rpm shunt generator has a 2-layer lap winding with 
00 slots and one turn per winding element. The flux jxde is ^ = 4.65 X Uf maxw^ells. 
If the no-load voltage is 250 volts at 900 rimi, determine the number of conductors per 
slot that are necessary. How^ many commutator bars are used? 

7. An 8-pole d-c generator with ^ = 6 X 10® maxwells per pole has a 2-layer lap 
winding with one turn i)er winding element in 128 slots. If the no-load voltage is 220 
volts, determine the speed of operation. 

8. A 230-volt, 8-pole, 514-rpm shunt generator has 100 slots and $ - 3.36 X 10® 
maxwells. Each slot contains eight conductors and the winding is 2-layer with one turn 
|)er winding element. What type of winding is used and what are the pitches. 

9. An 8-pole generator with a simplex 2-layer w^ave winding has 600 conductors. 
F.ach winding element lias four turns and a resistance of 0.0025 ohm. What is the 
jirinature resistance? 

10. A 4-pole generator has a laji-wmund armature. Can the armature winding be 
changed to produce twice the emf at the same speed and jxile flux? Explain. 

11. A 220-volt, 4-pole, 900-rpm shunt generator has a 2-layer lap winding with 
99 slots and two conductor fier slot. The {X)Ie flux is ^ = 3.7 X 10® maxwells. Deter¬ 
mine the type of winding used to produce 220 volts at no-load, the number of commuta¬ 
tor bars, and the front and back pitches. 

12. If the current per conductor in Problem 11 is 50 amp, what is the current rating 
and [>ow'er output of the machine assuming a full-load voltage drop of 3%? 

13. A 4-p()le shunt generator is to produce a no-load voltage of 220 volts at 1750 rpm. 
The armature has a 2-layer wave winding placed in 35 slots with 10 conductors per slot. 
Determine the flux per pole. 

14. A d-c generator has the following data: effective armature length = 6.26 in., 
effective pole arc 6e = 8.1 in., air gap flux density = 5300 lines per sq in., 8 poles, 
72 slots, 6 conductors f)er slot and a 2-layer lap winding. Determine the torque developed 
for an armature current of 500 amp. 

15. Determine the electromagnetic torque developed by the generator of Problem 14 
for an armature current of 1000 amp and a pole-flux = 2 X 10® maxwells. 

16. A 4-pole generator with a simplex w^ave winding operates at 250 rpm and delivers 
250 amp at 550 volts. Assume an armature resistance drop of 3%. Determine the elec¬ 
tromagnetic torque developed. 

17. Determine the electromagnetic torque developed by a 6-pole d-c machine with 
360 conductors arranged in a lap winding. The conductor current is 75 amp, and the 
flux per pole is 3.0 X 10® maxwells. 



Chapter 4 


TIIE MAGNETIC CIRCUIT 


4-1. The magnetic circuit of the d-c machine. Figs. 2-1 and 2-2 show a 
2 -polc and 6-pole machine, respectively, with their magnetic circuits. 
The magnetic flux of each pole has its path through the stator yoke, pole 
l)ody, air gap between i)ole body and armature, armature teeth, armature 
core, then liack through tlie armature teeth, air gap, and pole body to 
the stator yoke. The closed circuit passes twice through the air gap, 
teeth, and pole body. The pole-flux is divided into two parts in tlie stator 
yoke as well as in tlie armature. 

The ernf to be induced in the armature winding is known: it is approxi¬ 
mately eciual to the terminal voltage (see Art. G-l). Then if the magni¬ 
tude of the (anf is known for a given machine, the flux is also known: it is 
determined hy E(|. 3-6. A certain mmf is necessary to drive this flux 
through the machine structure. The magnitude of the necessary mmf, 
i.e., the ampere-turns to be placed on the poles, is determined by the 
basic law, Eq, 1-23; this is the circuital law of the magnetic field. If this 
law is applied in the form of Eqs. 1-2G and 1-27, it is seen that the sum 

'l-Z A = 0.47rA7 (4-1) 

pA 

has to be extended over five terms for which tlie permeability /x, the 
length of the magnetic path f, and the cross-section A are different. The 
flux density B is usually different for the stator yoke, pole liody, armature 
teeth, and armature (*ore; tlierefore p is also different for these parts of the 
magnetic circuit; for the air gap, p is equal to 1. Thus Eq. 4-1 can be 
written in the form 

\PyAy PpAp Ag PtA t PcA J 

where /^, g, and It are lengths of the path for 1 pole, 1 air gap, and 1 
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armature tooth. It follows from Eqs. 1-25 and 4-2 


OAirny 


L + 2 


0.47r^t 


0.47r’ 


It + 


OAirfXt OAiTfi, 


= NI ( 4 - 3 ) 


or 

Hyly + 2FpZp + 2Hyg + 211 th + HJ, = .V/ (4-4) 

H is the ampere-turns per unit length. Eq. 4-4 states that, in order to find 
the total ampere-turns NI necessary to force the flux through the struc¬ 
ture, the ampere-turns of each of the five components are to be deter¬ 
mined separately and then added up. 

Eq. 4-2 to 4-4 describe how to determine the five ampere-turns com¬ 
ponents. First divide the flux by the five cross-sections, i.e., determine 
the five values of B to be used in 
I-]q. 4-3. Tlien determine from the 
saturation curves of the iron used 
for the yoke, pole body, and arnni- 
ture, the values of H = B/OAirfi 
which correspond to the values of B 
given by Eq. 4-3. Finally, multiply 
the values of H found from the sat¬ 
uration curves by their path lengths 
/ and add the five components. This 
yields the field (pole) mmf of one Fkj. 4-1. Main flux and loakaRe flu.x. 
complete magnetic circuit. A 2-pole 

machine has only one magnetic circuit, and the NI amperc'-tunis are 
placed half on each pole. A multipole machine lias p/2 magnetic cir¬ 
cuits, and the total numlier of necessary ampere-turns is p/2 times the 
ampere-turns necessary for one circuit. 

The term 2{By/0Air)g = 2IIgg which represents the ampere-turns 
necessary to drive the flux ^ twice through the air gap is tlu^ largest of 
the five terms. Its magnitude is 70 to 85% of the total ampere-turns NL 

The flux ^ in Eqs. 3-6 and 4-1 to 4-2 is the flux which is necessary to 
induce in the armature w inding the emf E of Eq. 3-6, i.e., the flux w^hich 
crosses the gap and goes through the teet h into the armature where it is 
iyiterlinked with the armature winding. The flux which goes through the 
pole and stator yoke is larger than this flux owing to leakage. Fig. 4-1 
shows the flux distribution betw^een two poles. It is seen that some of the 
lines of force go from pole tip to pole tip and from pole liody to pole body 
without passing the gap and armature. These lines of force are not inter¬ 
linked with the armature winding and do not contribute to the armature 
emf; they represent a leakage flux. 
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The pole-leakage flux is not small: it can be as high as 15 to 25% of 
the useful flux 4>. Therefore, it is not correct to assume the flux to be the 
same, namely, equal to <l>, for all five parts of the magnetic circuit, as is 
done in Eqs. 4r-l to 4-3. The flux densities in the yoke and pole. By and 
Bpf should be calculated with (1.15 to 1.25) X The calculation of the 
field ampere-turns NI will now be demonstrated by an example. 


Example 4-1. As an example, a 250-kw, 6-pole, 240-volt, 1200-rpm generator will be 
considered. The dimensions of this generator, in inches, are listed below: (also see 
Fig. 4-2). 


Outside diameter of armature core. . . D = 
Inside diameter of armature core. . . d* = 

Gross core length.L = 

Nuinl)er of radial vents. 

Width of each vent. 

Net length of core / = 7 — 2 X f. 

Single air gap.^ = 

Pole embrace (arc). - 


22.5 Pole length. Ip = 7.0 

12.5 Pole width.6.0 

7.0 Frame ID .37^ 

2 Frame OD .42^^ 

I Frame width.10 

6.25 No. of arm. slots.72 

0.218 Slot depth. 2.0 

7.65 Slot width. 0.36 



Fio. 4- 2. Example — machine dimensions. 


Electrical steel is used for the armature. USS hot^rolled steel is used for the poles and 
frame. The /?-/f curves of these materials are given at the end of this text. 

(a) Flvjr per pole. The armature luis a lap winding and, therefore, a — p = 6. Each 
slot has six conductors, thrt?e par layer. The total number of conductors is, then, 
7 at 6 X 72 = 432. According to Eq. 3-6, the flux necessary to induce an emf of 240 
volts at no-load in the armature winding is 




240 X 10^ 60 6 

432 ^ 1200 ^ 6 


= 2.78 X 10® maxwells 
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(b) Am'pere-turns necessary to drive the pole fltix twice through the gap. Referring to 
Art. 3-7, the effective core length can be assumed equal to 


U 


L^l 7.0 4* 6.25 
2 ~ 2 


6.62 in. 


The effective pole arc 6^, Fig. 3-19, is larger than the pole arc hp by approximately 
twice the air gap, i.e., 6* = 7.65 + (2 X 0.218) = 8.1. Thus, the cross-section of the 
gap is equal to 6.62 X 8.1 sq in. From Eq. 3-8. 

^ 2.78 X 10« ,, 

^9 = q ' q2XSI * 


and the ampere-turns for two gaps (see Eq. 4-3): 

-^ X 2 X 0.218 X 2.54 X 1.10 = 7780 AT 

0.4jr X (2.54)* 


2.54 is the conversion factor from inches to centimeters. The last factor 1.10 takes into 
account tlie fact that the gap appears increased at the points opposite the slots, so that 
the effective air gap is larger than 0.218 in. 

(c) A mpere4urns for the teeth. The pole flux goes into the armature through the 
teeth lying within the pole arc = 8.1 in. The pole pitch is 


tD t X 22.5 

_ ™ 

8.1 


= 11.8 in. 


tZ yj.M. 

Thus the pole flux 4> goes through -- X teeth. The width of a tooth in the middle 

of the tooth is equal to 0.534 in. The iron length of the core is somewhat smaller than 
the net core length I = 6.25 in., because of the insulation between the laminations. 
Assuming a loss due to insulation of 8%, the cross-section of the teetli per pole is 


72 8 1 

A, = ~ X X 0.534 X 6.25 X 0.92 = 25.3 sq in. 
6 11.8 


and 


Bt = 


^ 2.78 X 10« 


At 


25.3 


111,000 lines per sq in. 


The B-H curve for electrical steel yields for B = 110,000 lines i)er in. 180 AT per 
in. The length of the magnetic path in a tooth is equal to 2 in. (= slot depth). Thus 
the AT necessary to drive the flux through the teeth twice is 

AT, = 2 X 2 X 180 = 720 AT 


(d) Ampere4ums for the armature core. The height of the armature core below the 
22 5 — 12.5 

teeth is equal to —^^^ -2 = 3.0 in. The iron length of the core is tlie same as that 

of the teeth, i.e., 6.25 X 0.92 in. The cross-section of the core is thus (3 X 6.25 X0.92) 


sq in. Since the pole flux ^ divides into two parts within the core 

2.78 X 10« 


Be = 


2 X 3 X 6.25 X 0.92 


= 80,600 lines per sq in. 
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llie B-If (;urv(i for (‘l(‘rtric*jil yields, for B = SO,000 linos, 10 AT per in. The length 
of the path in the core is e(|ual to the pole pitch in the middle of the core, i.e., to 

Tid, -f hr) 7r(12.5 -f- IhO) . 

- = —-- = S.l in. 

p () 

Tims the ampere-turns necessary to drive the flux thi-oiigii the core are 

ATe = 10 X S.l = 81 AT 

(e) Anip(;re4urm for (hr poles. It will he assumed that the leakage flux between the 
pole sho(‘s and poh* ixxlies is e(jual to 20% of the armature flux. Therefore, the flux 
through tlie polii and the yoke is 

- 1.2 X 2.78 X lO"" = 3.34 X 10^’ maxwells 

The ]>olo Ijiminations are not insulated. Tin* loss of iron thickness due to air layers be- 
tw(‘en tlio laminations can b(‘ assumed 5%. The cross-section of a pole is, therefore, 
equal to (0.95 X 7 X 0) S(i in. (see Fig. 4-2), and the flux density in the pole is 

3.31 X 10^* 

B„ = .. = 83,000 lines iiei- sq in. 

0.95 X 7 X 0 


The /!-// curve for USS hot-rolled ste(*l yi(4ds, for B — 83,000 lines, 18 AT per in. The 
Uuigth of the path in the j>ole is assumed (ajual to the height of tlie |)ole without pole 
sho(‘ (the flux density is low in the pol(‘ sho(‘). This huigth is e(pial to 0.0 in., and thus 
th(* ampere-turns necessaiy for two ])oI(‘s a?(‘ 

AT,. = 2 X 18 X 0.0 - 210 AT 


(f) A mpcrc-turns for the i/oke {fratne). Tlie h(*ig]it of tlie yoke is 

(■42/,, - ■•{7! ^,) 

‘> 


- 2 ;; in. 


The yok(‘ is of solid st(‘el. Thus the flux density in tin' yoke is 

3.31 X 10'’ 


/>’ 


2 \ 2.375 X 10 


= 70,000 lin(‘s p(*r sej in. 


The B-ll curve for USS hot-rolled steel yitdds, for B — 70,000 lines, 13.0 AT j)er in. 

The length of th(' m.agiu’tic path in tin* yok(* is -_ 20.9 in., and the 

0 

amj)ere-turns necessary to drive the flux through the yoke are 

AT,, - 13 X 20.9 = 270 AT 

(g) Totol (unpen-turns. The ampere-turns for two j)oles (for one magnetic circuit) are 

ATcir - AT, 4- AT,. + AT, + AT, 4- AT. 


= 270 4- 210 4- 7780 4- 720 4- 81 - 9007 AT 
anil for all six ])oles (all three magnetic circuits) 

ATtotui = 3 X 9007 = 27,200 AT 

It does not matter whether these AT are produced by a large number of turns on the 
poll's and a small current in the conductors or by a small number of turns and a large 
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current in the conductors. It is neccssarj^, however, that the i)ro(Iuet of the number of 
turns and the current in the conductors is equal to the required nuinhor of ampere-turns. 
The machine considered has 1004 turns per pole. Tlicrefore, the field current necessary 
to drive a flux ^ = 2.78 X maxwells through the armature is 


27,200 


2 X 1004 


1.25 amp 


4-2. No-load characteristic. If the field AT are calculated for several 
values of the armature flux and the flux 4> is plot ted aj^ainst the field 
AT, a curve is obtained which is similar to tlie B-H curve of iron. J^'ip;. 
4-3 shows such a curve which is called the no-lodd chdractvri^tic. The 
ernf induced in the armature E or the flux density in the air gap B^J can be 
plotted along the axis of ordinates instead of 4% 
since both these quantities ai‘e proportional to 4> ^ 

for a given machine (see Eqs. 3-6 and 3-8). 

Along the axis of abscissae, (‘ither the total field 
AT, or the field AT per circuit, or the field AT 
per pole (half of the AT of a circaiit), or only the 
field current If can l)e plotted, sin(*e all of t))ese ^ 

(luantities are proportional to ea(*h otlua* for* a | 

given machine. I 

The lower par*t of tlie no-load characteristK*, 

Fig. 4-3, follows a sti*aight line. This is due to the - at^ or If 

fact that, at small values of 4% the AT ne(‘essai*y ^ i i i 

for the four iron parts of the magnetic (dreuit ai’o i.aisiic. nud air-gaj) liia;. 
negligil)le in coinpai*ison to tliose nec('ssai*y for the 

air gap. As the flux 4’ becomes larger, the ij*on AT in(*i*ease and the no- 
load characteristic bends to tlie right of tlie air-f/ap line. In Fig. 4-3, the 
AT necessary for the air gap and the AT necessai'\' for* tlie ii*on ar*e indi¬ 
cated for a fixed value 4^' of the flux. 

It has been assumed in the considerations of this article and also of 
Art. 4-1 that the armature conductors do not (‘arry current-, i.e., that the 
ai niature is not loaded (tliis explains the name ‘bio-load cliaracteristic''). 
If the armature is loadeci, not one but two rnmf’s (jxist in the machine, 
namely, the field mmf and the ai’inature mrnf. Tlie influence of the arma¬ 
ture currents upon the field (the armature reaction) will be discussed in 
the next article. 



4-3. Armature reaction. Fig. 4-4 shows the flux distribution of the 
machine wlicn only the field poles are excited and there is no current in 
the armature (the leakage fluxes between the poles are omitted). Fig. 4-5 
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shows the flux distribution for the case when only the armature carries 
current and the field poles are not excited. As has been explained in 
Art. 3-3, the physical position of the brushes is in the pole axes. In this 
position the brushes are connected to the conductors lying in the inter- 
polar spaces, as is indicated in Fig. 4-5. It is seen from this figure that the 
armature flux is a cross flux with respect to the field flux, i.e., it is shifted 
90° with respect to the field flux. 


N 



S 


Fia. 4-4. Flux distribution 
when only the main poles are 
excited. 



when only the armature carries 
current. 


Fig. 4-6 shows the flux distribution for the case when both windings 
carry current. It is obtained through superposition of Figs. 4-4 and 4-5. 
Fig. 4-6 shows two effects of armature reaction. The first effect is that the 
flux is weakened in one half of the pole and strengthened in the other 
half. When iron is saturated in a certain direction by a given mmf, the 
increase in flux produced by an additional mmf is less than the decrease 
of flux when the same additional mmf is applied in the opposite direc¬ 
tion. Therefore, the first effect of armature reaction results in a reduction 
of the field flux. If a generator delivers rated voltage at no-load, the 
voltage will drop when the armature is loaded, and an increase of field 
current is therefore necessary to sustain the no-load voltage. 

The second effect of armature reaction is the distortion of the flux in the 
pole and in the gap. The air-gap flux density under one pole half is 
greater than that under the other pole half. As a result of this non- 
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uniform distribution the instantaneous emf induced in the winding ele¬ 
ments, while they are in the field of greatest density, may become high 
enough to cause a spark to take place between the commutator bars in 
which the winding elements terminate, and may ultimately lead to ring 


fire (flash-over). For this reason, 
machines, as for example steel-mill 



in large machines and heavy-duty 
rolling motors which are subject to 
sudden heavy loads and require rapid 
reversal of rotation, a special winding 
called a compensating winding is used 
o suppress the armature flux. This 
rinding is placed in the pole shoes, as 



Fig. 4-7. Schematic diagram of a 
comiK^nwating winding in a 2-pole d-e 
machine. 


shown schematically for a 2-pole machine in Fig. 4-7. The back connec¬ 
tions are made as follows: top conductor 1 with bottom conductor 1, top 
conductor 2 with bottom conductor 2, etc. The front connections are: bot¬ 
tom conductor 1 with top conductor 2, bottom conductor 2 with top con¬ 
ductor 3, etc. When so connected the compensating winding produces a 
cross mmf just as the armature winding. If the armature winding and the 
compensating winding are now connected in series in such a manner that 
their mmf^s oppose each other, no armature cross-flux wdll exist in the 
machine. 

Considering Fig. 4-5, the armature behaves magnetically like a solenoid 
with turns of varying area, the areas being the smallest in the interpolar 
spaces and the largest in the pole axis. The axis of this solenoid coin¬ 
cides with the brush axis. 
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In Figs. 4-5 and 4-6, the l)rushes are placed in a line which is shifted 
with respect to tlie pole axis. This is the neutral axis of the machine. 
If the brushes are shifted from the neutral axis, as shown in Fig. 4-8, 
the armature reaction becomes different from tluit explained above. 

Corresponding to Faraday’s law all conductors lying under a pole, 
N“pole or S-pole, have cimf’s induced in the same direction. If the brushes 
lie in the neutral axis, the same rule applies also to the (currents; tlius, 



1 6 ’ ' 

Eiu. 4 S. Arm.'i'turo H'jiftioTi with bruslu's 
Kliiftoil from llu; iiciitnil axis. 


considering Fig. 4-6, all conductors 
above (or I)elow) the neutral axis 
have currents in the same direction. 
If the brushes are now shifted from 
the neutral axis, as sliown in Fig. 4~ 8, 
the rule dictated by Faraday’s law 
for the emf’s no longer holds for the 
currents. Tlris is du(^ to the fact that 
the bruslies detoi*mine, and are the 
connection points between, the par¬ 
allel circaiits. Since the current dii-ec- 
tion is the same for all conductors of 
each of the parallel circuits, all con- 
du(‘tors lying above (or below) the 
})rush axis {BB in Fig. 4 8) must 
have curnnits in the same direc'tion, 
i.e., it is the brush axis which elder- 
niincs the directiofi of the currents in 
tlie conductors. Comparing Fig. 4-8 
with 4-6, it is seen that, because of 
the brush shift, some conductors 
carry a current the direction of whicli 
is opposite to the direction of tlicir 
induced emf. 

It is seen from Fig. 4-S that when 


the brushes are shifted from the 


neutral axis the armature again behaves magnetically like a solenoid 
witli turns of varying area, the axis of which coincides with the brusli 
axis. It is a general ride for all corn mutator 7nachincs that the axis of the 
armature mmf and flux is determined by the position of the brushes on the 
commutator. 


In order to study the armature reaction for the case when the brushes 
are shifted from the neutral axis, Fig. 4-8, it is best to resolve the arma¬ 
ture solenoid, the axis of wliich lies in the brush axis, into two solenoids. 
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the axes of which coincide with tlie neutral axis and the pole axis re¬ 
spectively. In Fig. 4-8 the first of the two solenoids is represented by the 
conductors lying diredly under the poles and the second solenoid is 
lepresented by tlie conductors lying in the interpolar spaces. Tlie first 
solenoid, the axis of which coincides with the neutral axis, produces a 
cross inmf and cross flux with all the consequences mentioned for the 
case when the brushes lie in the neutral axis. Fig. 4-(). The second sole¬ 
noid, the axis of which coincides with the pole axis, magnetizes in the 
same axis as the field coils. In Fig. 4-8 this sokaioid opposc's t lie field mmf. 
Fig. 4-8 I'efers to a generator and the brushes are moved in tlui direction 
of rotation of the armature. In general, if the lii’ushes of a generator are 
inov(‘d iti (he direction of rotation^ ils flux is tveakened; if tlu^ bruslies are 
moved opposite to rotation, the flux is strengthened. It will be shown 
later that in a motor tlie induced emf and armature current ha\'(‘ ojiposite 
(lirc'ctions. This means tiiat, for a motor running in the same direction as 
the generator in Fig. 4-8, all currents will ha\’e reverscal direction. 
Thca*efore, a brush sliift in the direclion of imitation strengthens the flux 
in a motor and a lirush shift opposite^ to rotation weakens its flux. 

It should be noted that, with respect to commutation, the brushes 
iisuall}" lie in or are close to the neutral axis (see Art. S-8). 


PROBLEMS 


DmIm nTid niacliino dimensions are listed 

])elo\v for 

several d-c mad 

liin(‘s. Using 

Fill;, d-2 and Fxanii)le 4 T determine the no- 

-load ampe 

re-turns I’efpiired 

at 85^0 Jnid 

100% of rated voltage. 





Problem Xo. 

1 

2 

3 

4 

Ma chine. 

(leneiator 

(4 e n (‘ r a 1 0 r Generator 

Motor 

Rating. 

7.0 kw 

;joo kw 

250 kw 

1 UP 

Volts. 

2o0 

230 

27 5 

230 

Amperes. 

:io 

1305 

909 

4.3 

Xiimber of poles. 

4 

8 

0 

2 

Sj)eed (r])m). 

Outside diameter of armature 

IToO 

514 

1200 

1750 

core (D) . 

7.50" 

3S" 

22.5" 

4.75" 

Inside diamet(‘r of armature 





core (di) . 

3.10" 

20" 

12.5" 

1.20" 

dross core length (L) . 

5" 

8" 

7" 

3" 

Number of radial vents. 

0 

2 

2 

0 

Width of v(‘nts.. 


3// 

h 

3// 

H 


X(‘t core hmgtli. 

5" 

7.25" 

(i.25" 

3" 

Air (rap (sinsle) (g) 

0.07S" 

0.28" 

0.125" 

0.04" 

Pole embrace (arc) (6,/). 

4.20" 

9.75" 

7.70" 

4.03" 

Pole length (Ip) . 

-/r 

0 

7.50" 

i 

2.585" 
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Problem No, 

1 

2 

3 

4 

Pole width. 

2.25" 

8.0" 

6" 

2.25" 

Frame inside diameter (ID). . 

14" 

59" 

37ii" 

8.0" 

Frame outside diameter (CD) 

15.75" 

64.75" 

42A" 

9.375" 

Frame width. 

8" 

13" 

10" 

4.5" 

Number of armature slots... . 

31 

100 

75 

20 

Slot depth. 

0.920" 

1.93" 

1.97" 

0.855" 

Slot width (in middle of tooth) 

0.318" 

0.45" 

0.343" 

0.30" 

Winding. 

wave 

lap 

lap 

wave 

Number of circuits (a). 

2 

8 

6 

2 

Conductors per slot. 

18 

8 

6 

70 

Effective air gap (equals air 

gap times factor). 

1.23 

1.1 

1.15 

1.18 

leakage flux between pole 
shoes and pole bodies in 

percent of armature flux. 

00 
F-4 

20% 

20% 

15% 

Height of pole (without pole 

shoe). 

2.8" 

9.6" 

7.1" 

1.3" 

Loss of iron length: 

(a) due to insulation be¬ 
tween armature lamina- 

tions. 

4% 

8% 

8% 

4% 

(b) due to air layers in pole. 

5% 

5% 

5% 

5% 













Chapter 5 


METHODS OF EXCITATION 


5-1. Methods of excitation. A d-c motor gets its field current for excita¬ 
tion as well as the armature current from an external source of power. 
A d-c generator can also be excited from an external source of power: 
this is the separately excited generator. However, a d-c generator is also 
able to produce its own excitation, i.e., it is capable of self-excitation. 
This ability is due to the d-c armature and the residual magnetism which 
remains in the field poles after the machine has been once separately ex¬ 
cited. It will be shown that under certain conditions the emf induced in the 
armature winding by the residual magnetism 
produces a current in such a direction that this 
residual magnetism is strengthened; this increases 
the armature emf as well as tlie field current, and 
the growth of both quantities continues until a 
\'oltage is reached whose magnitude depends upon 
the saturation of the iron of the machine and, 
for the excitation listed below under (b), also upon 
the resistance of the field winding (see Art. 6-5). 

Thus, the d-c generator may be separately as 
well as self-excited. According to the manner of 
connection of the field winding with respect to 
the armature winding, three separate cases of self- 
excitation are available; 

(a) Sfcries excitation, 

(b) Shunt excitation, 

(c) Compound excitation, 

(a) Series excitation. For series excitation the field winding and arma¬ 
ture winding are connected in series as shown in Fig. 5-1. If the residual 
magnetism is sucli that the top pole is a north pole (N) and th^ bpttpm 



Fig. 5-1. D-c machine with 
series excitation. 
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pole a south pole (S), the field winding must be connected in series with 
the armature so that the field current produces a north pole at the top 
and a south pole at the bottom. Fig. 5-1 shows the connection of both 
windings as well as tlie direction of tlie current in the field winding. Ti 
and T 2 are tlui terminals of the machine which are connected to the 
external circuit. 

If the field winding is connected in reverse so that end h of the field 
winding ratluu* tlian end a is (*onnecf ed to tlie positive pole of the armature, 
the magnetism will not liiiild up and no voltage 
will lie obtained. An inter(*hange of the terminals 
of the field winding reverses the ficild current, pro¬ 
vided the residual magn(‘{ism has not beem com¬ 
pletely destnyyed, and the machine liuilds up volt¬ 
age. If tlie machine does not build up, a separate 
source of currcait must llien be employed to re¬ 
store the residual magnetism. Self-excilatio7i can 
result ody when the field current aids the residual 
niayneiisrn. 

(1)) Shunt exeUaiion. For shunt excitation the 
field winding is placed in jiarallel with the arma¬ 
ture winding as shown in Fig. 5-2. While the re¬ 
sistance of a series fi(‘ld is made small, in order to 
prevent a large voltage di'op across it, the resist¬ 
ances of the field winding used for shunt excitation 
is high. Fig. 5-2 shows that tlie armature furnishes 
not only the load current lint the field current also. 
If the resistance of the field were low, it would take a high current and 
tliis would load the armature. Normally the field current of shunt-wound 
machines is 1 to 5% of tlie armature (*urrent, with the higher values ap¬ 
plying to small maehines. 

To produ(*e the field flux a dc'finite value of rnnif is necessary. It does 
not matter whether this mmf is produced by tlie large current and small 
number of turns of the series winding or by tlie low current and cor¬ 
respondingly huge number of turns of the shunt winding. 

(c) Cotnpound excHation, In the ease of compound excitation the 
machine has lioth a series and a shunt field winding. The greater part of 
the excitation mmf is usually furnished by the shunt field winding. The 
serie-s winding servi's to make the field flux dependent, within narrow 
limits, on the load current. The scM-ies winding may be connected variously 
to the armature winding so that it either produces an mmf of the same 
direction as that of the shunt winding {cumulative compound connection) 
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or an mmf opposite to that of the shunt winding {differential compound 
ronneciion). It will be shown later, Art. 0-<), that the cunnilative com¬ 
pound-wound generator, in contrast to the shunt-wound generator, offers 
the possibility of compensating for the voltage drop in the armature. 

The three methods of excitation of a d-c generator as just described 
are used also in d-c motors. It will be sliown in Art. 7-4 tliat the com¬ 
pound-wound motor, in contrast to the shunt-wound motor, offers the 
possibility of maintaining the same speed at no-load and ?*ated load. 


Se 



Fig. 5 3a. D-c niachino 
with compound excitation, 
ehorKshunt coniu'ct-ion. 


Sr 



Fig. 5-3b, D-c macrliino 
with compound excitation, 
long-slmnt connection. 


fn tlie eumulaiive compound-wound ma(4iine the shunt field winding 
may be connected either directly across the armature terminals {short-- 
shunt (vnneciion) or across the terminals Ti and T 2 which connect to 
the external circuit or tlic line {long-shunt connection). The first case is 
sliown schematically in Fig. 5-3a and tlie second in Fig. 5-3b. Sh is the 
shunt field winding and Sc the series field winding. 

The polaritij of the self-excited d-c generator depends upon its residual 
magnetism. It has just been sliown that the self-excited d-c generator 
can build up its voltage onl}" when the field winding is connected to the 
armature winding in such a manner tliat the field current- assists the 
residual magnetism. An incorrect (onnection between the field and arma¬ 
ture windings will tend to demagnetize the machine and will not build 
up its voltage. The same demagnetizing effect and resulting failure to 
liuild up occur in a machine which has been operating with self-excitation, 
if the direction of rotation of the armature is reversed, because a reversal 
of the direction of rotation changes the polarity of the armature. 

In order that a self-excited generator may build up its voltage, the 
manner of connection of the field winding relative to the armature wind¬ 
ing and the direction of rotation of the armature must fulfill very definite 
conditions. If one of these factors is changed in a correctly running 
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machine, the machine will tend to demagnetize itself. Tf both factors 
are changed, the machine builds up its voltage as before. 

5-2. Direction of rotation of a shunt and series machine as generator 

and motor. If a generator is to deliver a certain power output, it must 
receive tliis power plus its losses from the prime mover. The prime mover 
must overcome the electromagnetic torque produced by the armature 
conductors which are rotating in the magnetic field of the generator 
(see Art. 1-4). The prime mover torque and the armature torque plus 
the loss torque are always in opposite direction and in equilibrium under 
all steady load conditions. 

Fig. 5~4 shows one pole of the generator previously drawn in Fig. 4-G. 
The direction of rotation of the armature is clockwise. The prime mover 
torc|ue also must be clockwise. The armature torque 7’ann is counter- 



Fig. 6 -4. Balance nf Fia. 5-5. Direction of rotation of a 

torqu(?8 in a generator. shunt machine as generator and motor. 


clockwise and is shown by the dotted arrow. If the prime mover torque 
is removed and the direction of the field and armature currents is assumed 
to remain unchanged, the armature will rotate in a direction opposite to 
that of the prime mover and will produce a motor torque. Therefore, for 
the same direction of the field and the armature currents, the direction of 
rotation of the machine as a motor is opposite to the direction of rotation as 
a generator. 

Since the direction of the armature torque clianges when the direction 
of either the field or the armature current is changed, it is a simple matter 
to determine the direction of rotation of the shunt or series machine when 
operating as a generator and as a motor. 

It is assumed for the shunt-wound macliine of Fig. 5-“5a that, for the 
direction of rotation shown, it operates as a generator and produces the 
polarity given in the figure, which must correspond to the polarity of the 
bus-bars. For this condition of operation, the directions of armature and 
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field currents are as shown in the figure. If the machine is operated as a 
motor with the same connection to the line, the armature current reverses 
while the field current is in the same direction, as shown in Fig. 5-5b. 
If the field current and armature current maintain their same directions, 
the direction of rotation of the machine as a motor is opposite to the 
rotation as a generator. However, since the direction of the armature 
current reverses when operating as a motor, while the field current re¬ 
mains the same, the direction of rotation as ^ _ 

a motor is the same as that as a generator. ^ii« ~ "h* I, 

Consequently the shunt machine will operate 

in the same direction either as a motor or as a ' \ 

generator, without changing its connections. - 

Figure 5-6a shows the direction of the cur- ^ ^ 

rent in the armature and field of a series- direction of rotation 

, 11*1 ,1 of a soricH machine as generator 

conne(;tcd machine when operated as a gen- motor 

erator. If the scries machine is operated as a 

motor (Fig. 5-(ib), the current is reversed in both the armature and the 
field winding; therefore, the series machine when operated as a motor without 
changing the connections rotates in a direction opposite to that as a generator. 

If a shunt machine operating as a motor loses the opposing torque of 
its load, it may be made to operate as a generator in the same direction 
by supplying it with mechanical power and adjusting the field current so 
that the induced emf is greater than the line voltage (see Art. 6-7). In 
the series motor, in order to operate in the same direction as a generator, 
either the armature current or field current must be reversed in direction. 


It follows from the foregoing that the direction of either the armature 
current or field current must be reversed, in order to reverse the direction of 
rotation of a motor. Interchanging the connections to the bus-bars will 
not reverse the direction of rotation, since this reverses the direction of 
the current in both windings. 



Chapter 6 


THE D-C GENERATOR 


6-1. The voltage equation of the d-c generator. The enif induced in the 
armature winding according to Jui. 3-0 does not appear in its full amount 
at the terrnimds of t he generator. This is due to the fact that, under load, 
there are voltage drops in the var*ious resistances. 

The armaturo current flowing in the armature winding produces a 
voltage dr'op /«ra. If the machine is ser'ies wound or compound wound, 
the series winding which is coniuicted in series with the armature produces 
a voltage dr'op /«r^. It will be shown later. Art-. S-3, that d-c maclunes 
have a sp(‘cial winding, tire inlcrpole winding, for tire purpose of improv¬ 
ing the commutation. Also, this windirrg is connected in series with the 
{irmatur(' and pr*oduces a voltage drop /,r,. If tliero is a compensating 
winding, (s('e Art. 4-3), this winding will also be connected in series with 
the armatur’C and will pr’oduce a voltage drop I rurthermoro, there is 
a voltage' drop in the contact resistance between the bruslies and com¬ 
mutator. ddie voltage dr*op between all the brushes of each polarity and 
commutator will be denoted by aV, Tims, the total voltage drop is 

luTu + I.r, + hr, + hre + 2aT^ = + 2a7 (6-1) 

Applying KirchhofT’s laAv to the armature circuit, 

K = V + (XIr + 2Ar) (6-2a) 

where V is the' terminal voltage of the arrnaturo = voltage drop of the 
load. Thus the terminal voltage 

V == E - iZIr + 2a 7) (6-2b) 

The magnitude of the induced emf is given by Eq. 3-6 

E = ~ <^ K)-^ = C4. (G-3) 

a 60 

where C is a constant quantity for a given machine running with constant 
speed n rpm. 
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In a shunt generator, the field winding is connected parallel to the 
arinature winding (and load). Tlie arniature (*iirrent (/«) of a shunt gen¬ 
erator is, therefore, several percent larger than its load current (/l), i-e., 

Il = In - If (G-4) 

Tlie same applies to the compound generator. 

6-2. Characteristic curves of the d-c generator; regulation. The following 
characteristic curves of a d-c generator will be considered. 

(a) No-load characteristic^ E = f {I/); n — constafjt 

(b) Load cliaractcristicy V =/(//) ; and n = constant 

(c) External characteristic^ V — f{I l)\ n = constant 

(d) Regulation curve, 1 / = /(/«); V and n = constatit 

The no-load cliaracteristic has been treated in Art. 4-2. Its shape 
depends upon the dimensions of the different parts of the magnetic circuit 
and the materials used. Tlie shape of all otlier characteristic cur\Ts 
depends upon t he shape of the no-load cliaracteristic and the load. 

The influence of the load appears as: 

(a) Arniature reaction (see A li, 4-3), 

(b) Voltage drops in the armature, scries, interpole, and compensating 
windings and under the brushes (Jilr + 2aV, Eep G-1). 

Tlie voltage drop at the contact surface of the brush (aF) depends 
upon the lirush material. For the usual carlion brush it can bo assumed 
ecjual to one volt for the bruslies of each polarity, i.e., to 2 volts for 
the total machine. 

For a generator, besides the characteristic* curves, tlie voltage regulation 
is of importance; tliat is, the (*hange in voltage from no-load to full-load 
expressed as a percentage of the full-load voltage. Tlie regulation is a 
measure of the closeness with which the macliine regulat.es for constant 
voltage. The regulation is closely related to the extremal characteristic 
of the machine and will be determined in connection with the treatment 
of this characteristic. 

The characteristic curves of tlie different t 37 )es of generators will be 
considered in the articles wliich follow. 

6-3. The separately excited generator, (a) The no-load characteristic. 
The cmf induced in the armature is given hy Eq. 6-3. 

E = C<I> 

Since the armature carries no current, the flux ^ depends upon only the 
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field mmf, or, since the number of field turns is constant for a given 
machine, upon the field current //, i.e., 

E = Cf{I,) (6-5) 


This is the no-load characteristic; it shows the terminal voltage at no- 
load, V — Eo, as a function of the field current and is obtained by using 
the connections shown in Fig. 6-la; A is the armature, FW the field 
winding, and B the source which supplies the field current. The resistance 
i2/ is used to vary the field current. 

In Fig. 6-lb, which shows the no-load characteristic, curve a shows 
the voltage Eq as a function of I/, when the field current is increased 
from zero to //„; curve b shows the volt¬ 
age Eo BS Si function of 7/ when the ex¬ 
citing current is reduced from the //„ 
value to zero. Because of the effect of the 


Fig, C-Ih. Connection diagram for the do- Fig. 6-lb. No-load clmracttTiHtic 

teriuination of the no-load characteristic of a of a separately excited gtaierator. 

separately excited generator by test. 




residual magnetism, the two curves do not coincide. The residual mag¬ 
netism also accounts for the plot of curve a starting above the zero point 
for zero field current. 

(b) The load characteristic. If the armature is loaded, the emf induced 
in the armature winding is less than that induced at no-load {Eo, Fig. 
6-lb) because of the armature reaction. The terminal A'oltage V is smaller 
than the emf under load by the voltage drops in the windings and under 
the brushes (I27r -f 2dF). The curve of terminal voltage as a function 
of field current for constant speed and constant armature current is 
known as the load characteristic. Fig. 6-2a shows the connections used 
for taking the load characteristic. The load current is adjusted to the 
constant value by means of the resistance R l. 

Curve III in Fig. 6-2b is a load characteristic. Curve I is the no-load 
cliaracteristic of the same machine. If the quantity AB = {'Z.Tr -f 2 aF) 
is added to the load characteristic curve, curve II thus obtained is the 
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emf induced in the armature winding by the resultant flux. The distance 
between curve II and the no-load characteristic I is the voltage drop 
produced by armature reaction. In order to maintain the terminal volt¬ 


age CH at both no-load and load, 
CD is required as the increase in the 
field current to compensate for the 
effect of armature reaction and the 
voltage drops. The load character¬ 
istic (Curve III, Fig. 6-2b) drops 
more and more below the no-load 
characteristic as the load current 
increases. 




Fig. 6-2a. Connection diagram for the de- Fig. 6-2b. Load characteristic of a sepa- 
termination of the load characteristic of a rately excited generator, 

separately excited generator by iv.M. 


(c) The external cluiracterisiic. The curve showing the terminal voltage 
as a function of the load current at constant speed and field current, 
V =/(/l) is called the ex- 

ternal characteristic (Curve III, Fig. 

6~3). With increasing load current 
the armature reaction and the resist¬ 
ance drops, increase. Conse¬ 

quently the terminal voltage V drops 
with increasing load current. 

If the voltage drop AB — (H/a^ 

+ 2aV) is added to the external char¬ 
acteristic, the value of the emf E in¬ 
duced in the armature winding by 
the resultant flux is obtained (Curve 
II). BCy the difference between the 
straight-line Curve I which represents 
the no-load voltage Eq and Curve II, is the voltage drop caused by the 
armature reaction. With the aid of the external characteristic the voltage 



/. 


Fig. 6-3. External characteristic 
separately excited generator. 


of 
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regulation e of the inacliine can be determined 

E() — A A 


AA 


X 100% 


where AA the value of terminal voltage at rated load. The connections 
used to obtain the external characteristic are the same as those used for 
the load characteristic, Fig. G-~2a. 

(d) The regulation curve. If the terminal voltage is to remain constant 
with increasing load current, the field current must be increased; the 
extent of the increase of the field current depends upon the magnitude 
of the armature reaction and resistance drops. The regulation curve 
If — f {Il) =/(/«) shows the exciting current as a 
function of the load current for constant terminal 
voltage and speed, Fig. 6-4. 


6-4. The series generator, (a) The no-load character¬ 
istic. For this machine the no-load characteristic can 
only 1)6 taken with separate excitation, because self¬ 
excitation would require the armature to carry cur¬ 
rent, and a no-load characteristic implies no armature 
current whatever. 


I'Ki. (1-1. licf^ulatiou 
ourvo of a pcpjiriitcly 
(ixcitod generator. 


(1)) 77/C load characteristic. The load characteristic of the series gen¬ 
erator also must be taken with separate excitation, for with self-excitation 
the armature and field current 
would change at the same time. 

The no-load and load character¬ 
istics of the series generator are 




Fio. () oa. (\ tlia- 

gram for the dotonnination 
of the external cljjiracter¬ 
istic of a seric.si generator by 
test. 


J'lG. ()-5b. External characteristic 
of a series generator. 


consequently identical with the no-load and load cliaracteristics of the 
separately excited generator. 
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(c) The external characteristic. The characteristic features which dis¬ 
tinguish the series generator from other types of d-c generators are shown 
by its external characteristic. Fig. 6-5a shows the connections used to 
obtain the external characteristic. The load current is varied by means 
of the load resistance Rl- Since the armature current is used to excite 
the field, the field mmf and consequently the induced emf in the armature 
winding and the terminal voltage V increase with increasing load current. 
Curve III of Fig. 6-5b is the external characteristic of a series generator. 
Curve I is the no-load characteristic of the machine. If the voltage drop 
AB = + 2aV) is added to Curve III, the Curve II thus obtained 

is the emf induced in the armature winding by the resultant flux. The 
difference BC between Curve II and the no-load cliaracteristic. Curve I, 
is consequently the voltage drop caused by armature reaction. 

6~5. The shunt generator, (a) Ttw no-load characteristic. Fig. 6-6 shows 
the connections for obtaining the no-load characteristic; of tlie shunt 
generator. FW is tiie shunt field winding. Tlie field current is varied by 



! I 


J'lG. 6-6. Connection diagniin 
for the determination of the no- 
ioad characteristic of a shunt 
generator by test. 



Fig. 6-7. ConiuH'tion diagram 
for the determination of the 
external cliaracteristic of a 
shunt generator by test. 


means of the shunt field rheostat Rj, In taking the no-load characteristic 
the armature supplies the field current. Since this current is only a very 
small percentage of the armature current under load, the voltage drop 
which it causes in the resistance of the armature winding and under the 
brushes, as well as the armature reaction, is very small. Conseffuently 
the no-load characteristic for self-excitation coincides with that obtained 
for separate excitation. 

(b) The load characteristic. The load characteristic of the shunt gen¬ 
erator is also almost coincident with that of the separately excited 
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generator. The trend of the load characteristic curve, therefore, is the 
same as that of the separately excited generator. 

(c) The external characteristic. This characteristic is taken with a 
constant resistance 72/ in the shunt field circuit and at a constant speed, 
Fig. 6~7. The load current is varied by means of the rheostat 72 l in the 
external load circuit. Curve III of Fig. 6-8 shows the external char¬ 
acteristic of a shunt generator. The 
external characteristic of the same gen¬ 
erator with separate excitation is illus¬ 
trated by Curve IV. 

With self-excitation, the external 
characteristic is lower than that ob¬ 
tained with separate excitation, because 
in the former case the field current de¬ 
creases with decreasing terminal volt¬ 
age. Here the shunt field resistance 72/ 
is constant, whereas, in the case of sep¬ 
arate excitation, the field current re¬ 
mains constant. At a definite value of 
load current, called the critical value 
Ici the external characteristic taken 
with self-excitation turns back. Up to 
the point F' the load current increased as the external resistance 72 l was 
decreased. Below this point F' the current decreases with decreasing val¬ 
ues of the resistance 72 L- At short circuit (72 l = 0) the terminal voltage 
is zero and the armature current is = 07); this value of current is de¬ 
termined by the residual magnetism of the machine, because when F = 0, 
the field current is also zero. 

If the voltage drop AB = (L/ar + 2 aF) is added to the external 
characteristic. Curve II is obtained. The difference BC between this curve 
and the straight line I which represents the no-load voltage Eq of the 
machine is the voltage drop due to armature reaction and the decrease 
in the field current. 

The regulation is 



Fia. 6-8. 


External characteristic of a 
shunt generator. 


The external characteristic of the shunt generator is not a single-value 
curve: for a given value of current 1l there are two different values of 
terminal voltage. 

If a sudden short circuit (72 l = 0) is applied to a shunt generator, the 
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armature current rapidly falls to the value OD which is comparatively 
small. On the other hand, if a short circuit is applied to a series generator, 
the armature current increases because the field current increases. In 
comparison with the series generator the 
shunt generator has the advantage in 
case of a sudden short circuit in that it 
does not feed into the short circuit. On 
the contrary, it rapidly reduces the initial 
short-circuit current. However, the very 
high value of the short-circuit cur¬ 
rent which appears at the instant the 
short circuit is applied is often suffic¬ 
ient to damage the winding of the shunt 
generator. 

In the shunt generator, the field circuit 
is connected in parallel with the armature 
circuit and, therefore, the terminal voltage 
is the same for both circuits under all load 
conditions. Consider Fig. 6-9. OAB is the 
no-load characteristic of the generator. The field current OP corresponds 
to the no-load voltage PA at the armature brushes and also at the term¬ 
inals of the field circuit. If r/ is the resistance of the field winding, the total 
resistance of the field circuit is 

AP 

Rs + r; = Rn = 



Fig. 6-9. The field resistance line of a 
shunt generator. 


Rft is proportional to tan a. Fig. 6-9. If this resistance remains constant, 
the terminal voltage of the macliine for different load currents must 
always lie on the line OL. This line is the field resistance line. It follows 
from Fig. 6-9 that the voltage to which the machine builds up at no-load 
depends on the magnitude of total field resistance. The larger this resist¬ 
ance, the larger tan a and the smaller the no-load voltage. For a certain 
value of the total field resistance the field-resistance line runs tangent to 
the lower part of the no-load characteristic (coincides with the gap line) 
and the voltage of the machine is indeterminate. If the total field resist¬ 
ance is made larger than this value, the machine is unable to build up 
its voltage. 

(d) The regulation curve. The regulation curve showing the field current 
as a function of the armature current for constant terminal voltage is the 
same as that of the separately excited generator, because the voltage drop 
produced in the armature by the field current is very small and, in 



74 


D C AND A~C MACHINES 


comparison with the voltage drops caused by the load current, can be 
neglected. 

6-6. The cumulative compound generator, (a) The no-load characteristic, 
Tliis characteristic of the cumulative compound generator is the same as 
that of the shunt generator, for at no-load the series winding is not 
effective. 

(b) The external characteristic. The characteristic features of the 
cumulative compound generator can be seen in its external characteristic. 

Fig. 6-10. The resistance drops in the wind¬ 
ings and under the brushes (J^Ir + 2aF), 
as well as the armature reaction, act to 
decrease the terminal voltage with increas¬ 
ing load current. However, the mmf of the 
series winding and the flux increase with in¬ 
creasing load current and compensate in part 
or entirely for the resistance drops as well as 
the armature reaction. In Fig. 6-10 the mmf 
of the series winding predominates between 
A and B, and conseciuently the terminal volt¬ 
age is greater than the no-load voltage OA. 
I^'or load currents greater than OB, the resist¬ 
ance drops and armature reaction predomi¬ 
nate and the terminal voltage is less than 
that at no-load, OA, Between A and B the generator is overcompounded, 
at B it is jlai-compoinided, and for greater currents it is undercompounded. 

By a suital)le adjustment of the mmf of the series winding it is possible 
to obtain an external characteristic in which tlie terminal voltage at rated 
load is equal to that at no-load (regulation e = 0), or greater than that at 
no-load (regulation t = negative value). 

Example 6-1. For sample calculations the 250-k\v, r)-]X)lc, 240-volt, 1200-rpm {generator 
will be considered, the magnetic circuit of which is calculated in Art. 4-1. Tliis machine 
is designed to operate as a cumulative compound generator without a compensating 
winding. 

The resistances of the windings (in ohms at 75° C) are: 


Armature.0.00366 

Interpole.0.00163 

Series field.0.0022 

Shunt field.47.9 (1064 turns per pole) 


The demagnetizing mmf of the armature is 3200 AT per magnetic circuit at rated load 
(= 1042 amp). The no-load characteristic of the machine as obtained by test at 1200 
rpra is shown in Fig. 6-11. 



Fig. 6-10. FAtcrnal chanictiTistic 
of a cuniulat iv<* compound gen¬ 
erator. 
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Fig. G-11. Example G-1 — No-load characteristic and resistaiu e line. 
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Determine: the field current at no- 
load, the terminal voltage at rated load 
current of 1042 amp, and the voltage 
regulation. 

a. The machine first will he treated as 
a separately excited macliine without a 
series field. Then, for E — V — 240 volts 
at no-load, from Fig. 6-11, I/o = 4.38 
amp and the exciting voltage must he 
47.9 X 4.38 = 210 volts. 

The voltage droj)s are 1042 (0.00366 + 
0.00163) -f- 2 = 7.5 volts. The demagnet¬ 
izing armature AT expressed in field 
amperes are 


ATd = 


3200 

2 X 1064 


1.5 amp 


The resultant inmf, expressed in field 
amperes, is then 4.38 — 1.5 = 2.88 amp 
which corres|X)nds to an emf of 178 volts. 
Subtracting the voltage drops (2/r -f 
2AF) =7.5 volts, the terminal voltage is 
V = 178 — 7.5 = 170.5 volts and the volt¬ 


age regulation is 


€ 


240 - 170.5 
170.5 


X 100 = 40.8% 



The large voltage regulation obtained for operation as a separately excited machine 
indicates that this generator is not able to supply 1042 amp as a shunt generator at 
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240 volts, because in the shunt generator the field current decreases with decreasing 
terminal voltage. 

b. Considering the machine as a cumulative compound generator, the field resistance 
line must be taken into account since, in the shunt and compound generators, armature 
and field winding must have the same terminal voltage. The no-load field current is 
7/0 ** 4.38 amp, as before, and the armature reaction, in field ami^eres, is AT^ =1.5 
amp. First, the number of series turns per pole will be determined which is necessary 
to make the voltage regulation zero (generator flat-compounded at rated load). Since 
the terminal voltage must be 240 volts at rated load, the total field resistance must be 
240/4.38 * 64.8 ohms and an external resistance R = 54.8 -- 47.9 = 6.9 ohms is 
necessary. The field resistance line intersects the no-load characteristic at 240 volts 
(Fig. 6-11). 

In order to sustain the no-load voltage of 240 volts at rated load, the series field 
winding must overcome the armature reaction ATj and then supply an additional mmf 
so that the induced emf is F = 240 + -f- 2AF). The voltage drops are 

(0.00366 + 0.00163 + 0.0022) 1042 + 2 = 10 volts 


Thus the induced emf must be 250 volts. Point P in Fig. 6-11 corresponds to P = 250, 
and AP is therefore the additional mmf of the series field winding necessary to overcome 
the voltage drops. It is equal to 0.27 field amp. The total mmf of the series field must 
be 0.27 + 1.5 * 1.77 field amp, or 1.77 X 1064 = 1885 AT per pole. Since the current 
flowing through the series field winding is 1042 amp, the series field winding must have 
1885/1042 = 1.81 turns per pole. The machine actually was built with two series turns 
per pole and is somewhat overcompounded. With two turns per pole, the total mmf 
of the series field per pole is 2 X 1042 = 2084 AT = 1.96 field amp. There remains, 
after overcoming the armature reaction, 1.96 — 1.5 *= 0.46 field amp. If a triangle 
P'A'B' is constructed (Fig. 6-11) so that P'A' = (^Ir + 2AV) = 10 volts and 
B'A* = 0,46 amp, P'A' being parallel to the axis of ordinates and P'A' being parallel 
to the axis of abscissae, and if this triangle is moved parallel to itself along the field 
resistance line until P' hits the no-load characteristic, P' on the resistance line will 
yield the terminal voltage V, This voltage is 246 volts and the voltage regulation is 


€ 


240 ~ 246 
246 


X 100 


-2,46% 


Example 6-2. A 100-kw, 4-pole, 1750-rpm, 250-volt shunt generator has the no-load 
characteristic shown in Fig. 6-1 la and the following data: 1700 turns per pole, field 
winding resistance at 75® C «= 80.5 ohms, armature resistance at 75® C = 0.00916 ohm, 
interpole winding resistance at 75® C = 0.00193 ohm. The demagnetizing mmf of the 
armature per pole at full-load is equal to 400 AT. Determine the regulation at full-load. 

The rated current is 100,000/250 = 400 amp. Therefore, neglecting field current 

L7r + 2AF = 400(0.00916 + 0.00193) + 2 = 6.43 volts 

The demagnetizing AT « 400 corresponds to a field current of 400/1700 = 0.235 
amp = Md- 

Assume that the field rheostat has been adjusted to yield a no-load voltage of 270 
volts. Then the resistance line must go through point P = 270 on the no-load character¬ 
istic for which 7/ « 2.42. The total resistance of the field circuit must be 270/2.42 = 
116.8 ohms, i.e., an external resistance of 116.8 — 80.5 = 36.3 ohms is necessary. 
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In order to find the terminal voltage at full-load for the selected field resistance, draw 
the triangle ABC with AB — Md — 0.235 amp and BC — Y^Ir + 2AF = 6.43 
volts, as shown in Fig. 6-1 la, and move this triangle along the resistance line, parallel 
to itself, until the point C hits the no-load characteristic (point C'). The full-load 
terminal voltage is then 248.5 volts, and the regulation is 


€ 


270 - 248.5 
248.5 


X 100 - 8.G7o 


The construction shown above is based upon the fact that in the shunt generator the 
terminal voltage of the armature must be equal to the terminal voltage of the field cir¬ 
cuit. For constant resistance of the field circuity the latter terminal voltage is given by the 
resistance line and therefore the armature terminal voltage must lie on this line for any 
load. On the other hand, the induced emf must be larger than the terminal voltage by 
+ 2Ay). Both conditions are satisfied by the triangle C'B'A\ The mmf at no- 
load is given by point P. The resultant mmf at full-load is given by B\ The decrease 
in mmf PB' is due to the demagnetizing armature mmf Md = AB and to the decrease 
of 7/ caused by the voltage drop PB* (measured vertically). 


6-7. Parallel connection and parallel operation of d-c generators. Most 
of the d-c generators employed are shunt-wound or cumulative compound- 
wound macliines. 

If a shunt-wound or compound-wound generator is to be connected in 
parallel with other generators, it is first necessary to adjust the field cur¬ 
rent so that its terminal voltage is the same as that of the other generators. 
The armature is then connected to the bus-bars in such a manner that its 
positive terminal is connected to the positive bus-bar and its negative 
terminal to the negative bus-bar. Tlie voltage of the incoming generator 
and the generators already on the bus-bars are then in opposition and 
equal, so that no current flows in the circuit between the machines when 
connected in this manner and the incoming machine delivers no current 
to the bus-bars. 

If the field current of the incoming generator is now increased so that 
its induced emf is greater than its terminal voltage (which, of necessity, 
must be equal to the line voltage), the armature delivers a current of such 
magnitude that the sum of the terminal voltage and the voltage drops in 
the windings and imder the brushes is equal to the emf induced by the 
resultant flux, Eq. 6-2, and the system is in equilibrium. As the field 
current of the generator is increased, the current output of its armature 
is also increased. 

By a variation of the excitation of generators operating in parallel, it is 
possible to divide the load between the machines in any manner desired. 

Parallel operation of cumulative compound generators is not possible 
without a special connection. Suppose in the case of cumulative com- 
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pound generators operating in parallel that the shunt field excitation of 
one machine is increased somewhat. In order to restore voltage equilib¬ 
rium in the armature of this machine, its current must increase. However, 
if the armature current increases, the effect of tlie series field winding in¬ 
creases and furtlier (listurl)s t he voltage equilibrium, and the armature cur¬ 
rent must in turn increase still more. In this manner very slight variations 

in the shunt field circuit produce great 
variations in the load distribution. 

In order to stabilize the operation 
of cumulative compound generators 
operating in parallel, the series field 
windings of the machines are con¬ 
nected by means of an equalizer bus 
as shown in Fig. 6-12 for two gener¬ 
ators. Since the beginnings as well as 
the ends of the scries field windings 
are connected with each other (the 
first l)y the equalizer bus and the 
latter by the main bus), the voltage 
drop across the series field windings 
of all g(‘n(*ra<ors is lh(‘ same. Therefore, the line current delivered by all 
geiua-ators op(‘rating in i)arall(‘I divides itself among the individual series 
field windings so that their currents are inversely proportional to their 
resist,anc(‘s; if th(* gcMUM-atois are identical, the current is divided equally 
among the series field windings. 

If th(* armature currc'iit of any generator now is increased or decreased, 
by changing its shunt field excitation, the (‘urrent in all the series field 
windings and the* armature current of all other generators also will l)e 
incr(*ased or decn'ased, since the voltage drop across the series field 
windings corri*spondingly increases or decreases. The equalizer bus thus 
enabU's all generaloi-s operating in parallel to take part in any change in 
tlu' load on the bus-bars. 

W’hen a cumulati\’e compound generator has to be paralleled with other 
cumulative compound generators, the equalizer switch. Fig. 6-12, has 
to be closed first or simultaneously with the armature sw'itch. 

It is not necessary tliat generators connected in parallel have the same 
ratings. It is only essential that the total load be divided among all the 
generators in proj)ortion to their ratings. This is achieved by proper 
adjustment of the field currents. 

If shunt generators are operating in parallel and a sudden increment 
of load is placed on the bus-bars, most of the added load will be taken by 



Eauulizer Bus 

Eld. () 12. Panillcl op(*rat ioii of ciunula- 
tivo (“ompouml gcnoralors.t)iKs. 
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the generator which has the lowest voltage drop: the terminal 

voltage of all generators, in consequence of tlie added load, must decrease 
by the same amount, the generator with the least winding resistance 
produces this drop with the greatest current. In the case of (‘umulative 
compound generators operating in parallel, the equalizer bus serves to 
divide the increment of load uniformly among the individual generators. 

6-8. Applications of the different types of generators, (a) Separately 
excited generator and shunt generator. The external cliaracleristic of the 
separately excited as well as that of the shunt generator, Figs. 0-3 aiul 
G" 8, shows that both machines have an inherent tendeiuy to regulate for 
constant voltage. The regulation, i.e., the voltage drop between no-load 
and full-load, is small in both types of generators. Since the separately 
excited generator needs a separate source for e\(*itation whereas the 
sliunt generator is self-excited, tlie separately ex(*ited generator is used 
mainly in laboratory and commercial testing and in special regulation 
sets (see Fig. 7-12). The sliiint generator is suitable for constant voltage 
circuits where the load is close to the generator and tlie voltage drop in 
the line resistance is not large, h^'or example, a shunt generator may be 
used as an exciter for the field (‘ircuit of a generator, for charging batteries, 
for supplying (airrerit to heating devices, etc. 

(b) Cumidative compound generator. The CAimulative compound gen¬ 
erator is the rnost^ widely used d-c generator. Its external (‘haracteristic 
usually can be adjusted so as to compensate for the voltage drop in the 
line resistance. The cumulative compound generator is used for motor 
drives which require a d-c supply at constant voltage, for supplying cur¬ 
rent to incandescent lamps, for heavy power service sucli as electric 
railways, etc. 

(c) The differential compound generator. This type of generator has an 
external characteristic similar to that of a shunt generator with a large 
demagnetizing armature reaction. It is used in arc welding where a larger 
voltage drop is desirable when the current increases, in connection with 
electrically operated shovels where the motor may stall, etc. 

(d) Series generator. The external characteristic of the series generator 
(Fig. 6-5b) shows that its voltage increases with increasing load. This 
makes the series generator suital)le only for special purposes; it is used as 
a voltage booster in certain types of distribution systems, particularly in 
railway service. 
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PROBLEMS 

1. The total resistance of the armature circuit in Example 6-1 is 0.00749 ohm at 75®C. 
Determine the generated voltage at full-load current and the terminal voltage 
(neglect the shunt field current). 

2. Determine the kw generated by the armature winding in Problem 1. 

3. Determine the electromagnetic torque developed by the machine in Problem 1 at 
full-load. 

4 . Assuming the sum of iron, friction, and windage losses is 3.5 kw, what is the 
full-load efficiency of the machine in Problem 1. 

5 . A belt-driven shunt generator is rated at 50 kw, 230 volts. The machine operates 
at 500 rpin and has an armature resistance of 0.05 ohm. If the pulley at the generator is 
20 in., determine tlie belt pull in pounds. 

6 . Determine the \Mt torque required to drive a 500-kw generator which has an 
efficiency of 92% and oiKuates at 250 rpm. 

7 . A shunt generator operating at 1750 rpm generates 230 volts at no-load. A 15% 
reduction in the sj)eed i)roduced a 30% reduction in the no-load voltage. Determine the 
percent change in the iwile flux. 

8 . If the machine in Example 6-1 is operated at 1500 rpm as a shunt generator, deter¬ 
mine the maximum no-load voltage /?/ = 0. 

9* Determine the no-load voltage of the machine in Example 6-1 operating as a shunt 
generator at 1000 rpm. 

10. If the machine of Example 6-1 is operating separately excited at 1200 rpm and 
produces a no-load voltage of 250 volts, determine the terminal voltage for an armature 
current of 500 amp. Assume the demagnetizing AT of armature reaction to be propor¬ 
tional to the current. 

11. Determine the no-load voltage of the machine in Example 6-1 operating as a 
shunt generator at 1500 rpm with a 12-ohm rheostat in series with the field. 

12. The machine in Example 6-1 is oi)erated separately excited at 1200 rpm. Deter¬ 
mine (a) the field current retjuired to produce 220 volts at no-load; (b) the field current 
rec}uired to produce 220 volts at full-load current. 

13 . The following data apply to ad-c generator: G poles, 750 rpm, 600 volts, 942 amp, 
565 kw, shunt field winding resistance 25.2 ohms at 75°C, interpole plus comj^en- 
sating field winding resistance 0.00602 ohm, armature resistance 0.01083 ohm. The 
armature has a 2-layer lap winding, 1 turn per element, 87 slots, 8 conductors j^er slot, 
14-8lot coil throw. Tlie shunt field has 924 turns per coil, interpx)le field 7^ turns per coil, 
compienajiting 5 turns p)er pxjle pair. The no-load characteristic data are: 

E: 210 300 400 500 600 700 750 800 

// 1.6 2.42 3.55 4.9 7.2 11.5 14.5 18.0 

Assuming that the armature reaction is zero, determine: (a) resistance in field rheostat 
for shunt exciUition at rated load, 600 volts, 942 amp, (b) the no-load voltage for this 
rheostat setting, (c) the px-rcent voltage regulation. 

14 . Rcpieat Problem 13 for sp:)eeds of 600 and 900 rp)m. 

15 . For the generator in Problem 13 determine the terminal voltage when delivering 
an armature current of 1000 amp). 

16 . Rep)eat Problem 15 for the generator op)erating at 900 rpm and delivering 
1000 amp. 
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17. The machine of Problem 13 has an effective armature length ?« = 10.9 in. and an 
effective pole arc = 9.7 in. Determine the air-gap flux density in lines per square 
inch. 

18. An 8-pole, 500-rpm, separately excited generator has an armature winding with a 
total of 400 conductors each rated to carry 10 amp and each required to generate 5 
volts at no load. If the no-load terminal voltage of the machine is 250 volts and the 
armature current 80 amp, determine (a) the type of winding; (b) pole-flux; (c) the 
electromagnetic torque developed. 

19. A compensated cumulative com|X)und generator has 900 shunt turns and 15 
series turns per pole, a full-load armature current of 72 amp, a no-load voltage of 300, 
and the total resistance of the armature, series field, interpole winding, and comjxuisating 
v\inding is 0.194 ohm. The data for tlie no-load characteristic are: 

E: 192 256 298 338 365 383 398 410 421 430 

//: 1 1.5 2 3 4 5 6 7 8 9 

taken at 1150 rpm. Determine: (a) resistance of the shunt field circuit, (b) shunt 
ampere-turns per pole at no-load, (c) scries ampere-turns per pole at lull-load, (d) ter¬ 
minal voltage at full-load, (e) sliunt field current at full-load, (f) total field ampere- 
turns per pole at full-load. Assume complete compensation-armature reaction zero. 

20. If the machine of Problem 19 generates a no-load voltage of 300 volts at 950 rpm, 
determine the field circuit resistance and the terminal voltage at full-load. 

21. The series field is removed from the machine in Problem 19 and it is operated as a 
shunt generator at 1150 rpm with a no-load voltage of 300 volts. If the series field 
resistance is 0.015 ohm, determine the full-load terminal voltage. 

22. A cumulative compound generator operates at no-load with a shunt field current 
of 1.8 amp; 100 amp through the series field produce rated voltage at the terminals, 
under load. To maintain the rated voltage with the series field current of 100 amp re¬ 
versed requires a shunt field current of 2.2 amp. If there are 1500 shunt field turns per 
pole, determine the number of series turns per jxffe. 

23. A 250-kw and a 750-kw, 550-volt shunt generator operate in parallel, delivering a 
total load of 1500 amp. The voltage regulation of the smaller machine is 6%, of the 
larger one 3.5%. Assume the external characteristic curves are straight lines. Deter¬ 
mine: (a) the current delivered by each machine, (b) the terminal voltage. Assume each 
machine delivering rated output when bus load is 1000 kw at 550 volts. 

24. Two shunt generators, A and B, having straight-line external characteristics, are 
o{)erated in parallel, and each has a no-load voltage of 240 volts. The machines are 
paralleled at no-load. A is rated 500 kw at 230 volts; B is rated 250 kw at 220 volts. 
For a total load of 600 kw, determine: (a) terminal voltage, (b) kw of each machine, 
(c) current of each machine. 



Chapter 7 


THE D-C MOTOR 


7~1. Voltage equation of the d-c motor. In the generator, induced emf E, 
lerininal voltage V, and armature current /« are all in phase. In a motor 
iiKluced emf E and armature (uii-rent /« and, therefore, also induced emf 
E and tei-minal voltage V are in counter-pliase. This will l)e explained by 
ineims of I'igs. 7-1 and 7-2. 

Fig. 7-1 r(‘fers to a giaierator. The armature is driven in a clockwise 
direction. For balanc(^ of tonpies, the electromagnetic torque produced 



Fr(J. 7 1. Diivction of cur¬ 
rent aiul iiufuct'd oiiif in a 
gfIKTiltor. 


Fio. 7 2. Direction of 
current and induced emf 
in a motor. 


by tlu* armature must have a counterclockwise direction. This can be 
accomplished only by currents which have the directions shown in Fig. 
7-1, i.e., l)y currents wliich flow into the plane of the page under tlie 
N-pole and come out of the plane under the S-pole. According to Faraday's 
law (see Fig. 1-2), the emf’s induced in the armature conductors have 
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the same directions. Thus, in a generator, induced emf E and armature 
current la are in phase. 

Fig. 7-2 refers to a motor for which it is assumed that the armature 
rotates in a clockwise direction. Since the electromagnetic torque de¬ 
termines the direction of rotation of the armature of a motor, this torque 
must be in a clockwise direction. This can be accomplished only by cur¬ 
rents which have the directions shown in Fig. 7-2, i.e., by currents which 
come out of the plane of the page under tlie N-pole and flow into tlie 
plane under the S-pole. The direction of rotation of the armature in Figs. 
7“1 and 7-2 is the same and, therefore, tlie direction of the induced 
emf’s must be the same, namely, that of the currents in Fig. 7-1 \^ Inch 
is opposite to the direction of the currents in Fig. 7-2. Thus, in a motor, 
induced emf E and armature current la are in counter-phase; the same 
is true of the induced emf E and terminal voltage V. 

Thus applying KirchholT's law to the motor 

V - E = (ZIr + 2^V) (7-la) 

or 

V ^E + {Zlr + 2aV) (7-lb) 

Tlie difference of the signs of V and E in lup 7- la is the reason the emf 
E is called counter-cmf in a motor. 

The magnitude of the induced emf E is given for the motor l)y the 
same equation as for the generator, h^cp 3-G: 

E = Z--- <M0-" = (7-2) 

a GO 

where Ci is a constant quantity for a gi\en machine. 

The equation for the torcpie is Fxp 3-9: 

T = 0.1174 X 10-« - Z^Ia Ib-ft 
a 

or Eq. 3-10: 

T = C2^Ia 

where C 2 is a constant quantity for a given machine. 

The armature current of the d-c motor (as of otlier kinds of electric 
motors) adjusts itself to a value (corresponding to the opposing torque of 
the load. If the opposing torcpie of the load is large, the armature current 
also is large, Eq. 7-3; conversely, a small value of opposing torque re¬ 
quires a low value of armature current. The same can be seen from Eq. 
7-lb which sliows that the terminal voltage of a d-c motor is equal to 
the sum of the counter-emf of the armature and the sum of the voltage 


(7-3) 

(7-4) 
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drops. With an increase in the load torque the speed decreases and also 
the counter-emf induced in the armature, E. Since the terminal voltage 
is constant the Ir drop must therefore increase, i.e., the armature current 
la must increase. Conversely, a decrease in the load torque results in an 
increase in speed, an increase in the emf induced in the armature, E, 
and a resulting decrease in the Ir drop and the armature current /„. 

With a motor operating at rated power, the sum of the voltage drops 
is about 4 to 10% of the terminal voltage, with the large value applicable 
to small motors. 

Note that the torque given by Eq. 7-3 or Eq. 7-4 is the electromagnetic 
torque of the machine, designated as developed torque. This torque must 
be distinguished from the delivered torque, i.e. the torque delivered to 
the shaft. This latter torque is smaller than the former by the loss-torque. 

Multiplying Erj. 7-1 by the armature current the term Via is 
the power input and the second term on the right is the copper losses in 
the windings and under the brushes. The difference between Via and the 
losses + 2aF) X la represents the electromagnetic power of the 

machine corresponding to the developed (electromagnetic) torque. Thus 

Electromagnetic power = Ela (7-5) 


in accordance with the previously derived Eq. 1-33. 

The electromagnetic power E X /« and the developed (electromag¬ 
netic) torque are connected by the equation of mechanics (Eqs. 1-31, 
3-11) 


T = 


n 


(7-6a) 


or 


T = 


.525011P 
n 


5250 El a 
n 746 


Ib-ft 


(7-t5b) 


Eq. 7-6 can be verified readily by introducing in it the value of E from 
Eq. 7-2: Eq. 7-3 for the torque is then obtained. 

Combining Eq. 7-1 with Eq. 7-2, the speed of a motor is 


V - {'LIr + 2a7) 


(7-7) 


7-2. Characteristics of the shunt motor. The flux of the shunt motor 
is a function of the current in the shimt field winding, I /, 

<*'=/(//) 


(7-8) 
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With the aid of this relation and Eqs. 7-1, 7-2, and 7-7, the behavior of a 
shunt motor can be determined at starting as well as when running. 

If the terminal voltage V is impressed across a shunt motor at stand¬ 
still, the armature current and field flux will produce a torque and the 
motor will accelerate until it reaches a speed such that the load torque 
plus the loss torque is exactly balanced by the developed torque. 

Eq. 7-7 shows that the speed varies inversely with the flux <I>. If it 
should happen that sufficient flux $ is not available (low field current), 
the motor may accelerate to a very high speed and the higli mechanical 
stresses produced may cause it to fly apart. When starting a shunt mot.or, 
it is therefore not permissible to connect first the armature circuit and 
then connect the field circuit across the line. The field circuit must be 
excited first and then voltage impre.sscd across the armature, or both 
circuits may be closed simultaneously. In order that the armature current 
at start may not become too high, a starting resistance 
is placed in the armature circuit before the line voltage 
is applied. As the speed and counter-emf rise, tlie 
quantity (J^Ir -f 2aV) decreases, the current de¬ 
creases, and the starting resistance can be reduced. 

Fig. 7-3 shows the basic scheme for starting the 
shunt motor. One terminal of the field winding a is 
connected directly to the power line, and the oilier 
terminal b is connected to the line tlirough a shunt 
rheostat R / and the starting resistance R. In this man¬ 
ner, both field and armature windings are connected f.'”' 
to the line at the same instant. The terminal b sliould shunt motor, 
not be connected to the armature winding directly, 
without including a part of the starting resistance. To connect the shunt 
field winding directly across the armature would result in a very low 
field flux, because the armature terminal voltage is very low at starting. 

The field winding should never be opened suddenly. Since the field winding 
has a high self-inductance, the sudden breaking of this circuit produces 
an emf of self-induction which may be liigh enough to puncture the 
insulation. Therefore, the connection of the field winding in parallel with 
the armature winding and a part of the starting resistance serves as a 
protection for the field. When the connection of Fig. 7-3 is used and the 
motor is disconnected, the field circuit is not broken but always remains 
closed through the armature and a part of the starting resistance. Starting 
boxes are designed to accomplish this arrangement. 

Fig. 7-4 shows the speed of a shunt motor as a function of its armature 
current at a constant terminal voltage and for three different degrees of 
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saturation (tVirce different field currents). Increasing the armature cur¬ 
rent increases l)oth the armature reaction and the sum of the voltage 
drops. Both of these quantities oppose each other in their effect on the 
speed of the motor. A larger demagnetizing armature reaction produces 
a smaller resultant flux, and consequently the speed must increase accord¬ 
ing to Eq. 7-7. A larger voltage drop due to the resistances of the wind¬ 
ings means a lower counter-emf and, therefore, a lower speed. With 




Fiti. 7~4. Tonjuo mid spfHMl of a 
Bhunt motor as a function of 
armature current for constant 
field current. 


1*^10. 7~5. Armature cur¬ 
rent and efficiency of a 
sliunt motor as a function 
of power output for con¬ 
stant field current. 


increasing armature current, the speed of the shunt motor will vary 
according to curve a or curve c: if the armature reaction predominates 
with increasing current, the speed follows curve a; if the voltage drops 
predominate it follows curve c. For a particular excitation, the above 
two effect s may compensate each otlier approximately and the speed as a 
function of the armature current then becomes almost parallel to the axis 
of abscissa (curve b ). The characteristic shown as a is usually not desirable. 

According to Eq. 7-A the torque of a motor is proportional to its 
armature current: 

T = 

For a constant field current the torque does not increase linearly with the 
armature current: as the armature current increases the armature reac¬ 
tion also increases and the resultant flux ^ decreases. Fig. 7-A shows the 
torque curve for a constant field current. It deviates from a straight line 
due to the non-linearity of the saturation curve. 

Fig. 7-5 shows the armature current /« and efficiency as a function of 
the power output for constant field current and terminal voltage. Since 
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the current and voltage drops increase with increasing power output, the 
counter-emf decreases. It was explained above that the product Ela 
represents the electromagnetic power of a motor. Since the quantity E 
decreases with increasing power output, the current la must increase 
more than linearly with increasing power output. 

Fig. 7-4 shows that the shuni motor is essentially a constant speed motor. 
Its torque as a function of the armature current is approximately linear. 

Speed regulation is defined as the ratio of the difference between no-load 
and full-load speed to the full-load speed. Thus, the speed regulation in 
per cent is 


no-load speed — full-load speed 

€ =-1 .. : . - : - X 100 


full-load speed 


It can be determined from the speed-torque curve or the speed-armature 
current curve. 


7-3. Characteristics of the series motor. Eqs. 7-1, 7-2, and 7-7 also 
apply to the series motor. How^ever, in place of Eq. 7-8 the equation 

<!> = /(/.) (7-9) 

must l)e applied, since the field and armature currents are the same in a 
series motor. 

Fig. 7-6 shows the speed and torque of a series motor as a function of 
the armature current. Since the flux is small for low values of armature 
current, the speed n consequently must be high in order l.o satisfy Eq. 7-7. 
\Mien la is very small, the flux ^ is also very small and the speed n of the 
motor becomes so high that the machine may de¬ 
stroy itself. A series motor should never be connected to 
a line if there is any possibility of losing Us entire load 
(except in the case of fractional-horsepower motors). 

Even when starting the series motor, care must be 
taken to see that a certain opposing torque exists, 
since at low currents the speed will assume a high 
value despite the starting resistance. While the speed 
of a shunt motor varies only a little with the arm¬ 
ature current, the speed change of the series motor 
is very wide. 

For low values of armature current, the machine 
is not saturated and the flux of the series motor is 
directly proportional to the armature current. Consequently, for low 
values of armature current, the torque increases as the square of the cur- 



Fig. 7-6. Torque and 
speed of a series motor 
as a function of arma¬ 
ture current. 
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rent (see Eq. 7-4). When the armature current is high and the machine 
is saturated, the flux is almost constant and the torque then varies nearly 
as the first power of the armature current. For still greater values of 
armature current, the flux decreases due to the armature reaction, and the 
torque therefore increases at a rate less than that of the armature current. 

7-4. Characteristics of the cumulative compotmd motor. According to 
the relative strengths of the shunt and series field mmf’s, the cumulative 
compound-wound motor may exhibit characteristics approaching those 
of the slumt or series motor. If a shunt motor is supplied with a series 
winding, it is pos.sihle to obtain a .speed almost independent of the load 
and therefore almost constant. If the series motor is supplied with a shunt 
field winding, the possibility of its running away at no-load is thereby 
avoided. 


7-S. Comparison between the different types of d-c motors. Figs. 7-7, 
7-8, and 7-9 show the speed-current, torque-current, and speed-torque 
curves of the shunt, cumulative compound, and series motors. These 



Fio. 7-7. Speed as a func¬ 
tion of load current for the 
different kind4S of d-c motors. 



1. Shunt 

2. Cumul. Comp. 
8, SericB 


Fig. 7-8. Torque as a func¬ 
tion of load current for the 
different kinds of d-c motors. 



Fig. 7-9. Torque as a function 
of speed for the different kinds 
of d-c motors. 


curves pcriuit a comparison between the various types of motors. They 
sliow that the clilTerences between the torque-current curves are not so 
marked as the dilTerences between the speed-current and speed-torque 
curves. Fig. 7-9 can be helpful in deciding the type of motor suitable for 
a given application. 

The characteristic features of the shunt motor are: approximately a 
constant specMl between no-load and full-load, a torque nearly propor¬ 
tional to the armature current (since the flux is almost constant^ and tlie 
ability to operate as a generator in the same direction of rotation without 
any change in connections. The last property mentioned makes dynamic 
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braking possible with the shunt motor: if the opposing torque of the load 
is lost and the armature is driven in the same direction as before, the ma¬ 
chine acts as a generator, delivers power to the line, produces a torque 
opposite to the previous motor torque, and therefore acts as a brake. 

The outstanding properties of the series motor are; its decreasing speed 
with increasing torque, a high starting torque varying nearly as the 
square of the current at low saturation, and a power output affected 
relatively little by voltage drops in the line. 


TABLE 7-1. GENERAL EFFECT OF VOLTAGE VARIATION ON I>-C MOTOR CUAIiACTERIBTICS 

+ * Increase — = Decrease 


Voltage 

\ari:ition 

% 

Starting 

and 

Max. Run 
Torque 

% 

Full¬ 

load 

Speed 

% 

BJTICIKNCT 

Full- 

load 

Current 

Temperature Kiae, 

Full Load 

Maximum 

Overload 

Capacity 

% 

Magnetio 

Noise 

FuU 

Load 

»/4 

Load 

Vi 

Load 

SHUNT-WOUND 

120 

+30 

no 

Slight + 

No 

change 

Slight — 

-17 

Main field +. Commutator, 
i. field and armature — 

+30 

SUght + 

110 

+16 

105 

Slight + 

No 

change 

Sight — 

-8.6 

Main field +. Commutator, 
i. field and armature — 

+15 

Slight + 

90 


95 

Slight — 

No 

change 

Slight + 

+11.5 

Main field —. Commutator, 
i. field and armature + 

-16 

Slight — 

COMPOUND-WOUND 

120 

+30 

112 

Slight + 

No 

change 

Slight — 

-17 

Main field +. Commutator. 
1. field and armature — 

+30 

Slight + 

no 

+15 

106 

Slight + 

No 

change 

Slight — 

-8.6 

Main field +. Commutator, 
L field and armature — 

+15 

SUgbt + 

00 

-16 

94 

Slight — 

No 

change 

Slight + 

+11.5 

Main field —. Commutator, 
i. field and armature + 

-1# 

Slight — 


Notks: Starting current is controlled by starting resistor. 

This table shows genexal effects, which will vary somewhat for specific ratings. 


The characteristics of the cumulative compound motor lie between 
those of the shunt and series motors. It has a definite no-load speed as 
does the shunt motor; but, on the other hand, its speed decreases more 
with increasing torque than that of the shunt motor. 

The response of shunt and cumulative compound motors to a variation 
of the terminal voltage is shown in Table 7-1. 


7-^. Speed control of d-c motors. It follows from the speed equation 
of the motor (see Art. 7-1, Eq. 7-7) 

V - (E/r + 2aF) 

that there are three methods for regulating its speed: namely, by varying 
the voltage V (voltage control) y by varying the resistance of the armature 
circuit (rheostatic control), and by varying the flux <I> (fiux control). 
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(a) Separately excited, shunt, and cumulative compound motor. Rheo¬ 
static control necessitates an external resistor in the armature circuit. 
This resistor produces a drop in the speed characteristic. Fig. 7-10 shows 
speed-torque characteristics for two different values of external resistance. 
At very small loads, the resistance is not very effective. Therefore, this 


— 

Fig. 7-11. Speed torque 
characteristics obtained by 
flux control (separately ex¬ 
cited, shunt, and cumula¬ 
tive compound motor). 

method makes the speed regulation, i.e., the change of speed between 
no-load and full-load, large. Furthermore, the efficiency of the motor is 
redu(*ed by this method of speed control since the copper losses of the 
armature circuit are increased. For this reason, the rheostatic control 
method is seldom used in industrial installations. 

The simplest and cheapest method of speed control is flux control by 
means of a rheostat in the shunt field circuit. Since the energy required 
by this circuit is only a small percentage of the macliine output, the 
rheostat is small in size. This method is, therefore, an efficient one. In 
machines without interpoles (see Chapter 8), where the main flux is used 
to improve the commutation, the speed may be increased by rheostatic 
control approximately in the ratio 2 : 1. A further weakening of the main 
flux may interfere with the commutation, since the armature reaction 
may reduce the field density at the pole tips beyond the value necessary 
for good commutation. In machines with interpoles, a ratio of maximum 
to minimum speed of 5 : 1 or (5 : 1 is fairly common. To a given change in 
flux (shunt field current), there is a definite shift of the speed charac¬ 
teristic as shown in Fig. 7-11. The speed regulation is affected only slightly 
by this method of speed control. These considerations apply to the 
cumulative compound motor only when the series field mmf is small in 
comparison to the shunt field mmf. In general a shunt motor is used with 
this type of speed control. 

Voltage control is used under certain conditions with separate excita- 


Fkj. 7-10. Spoed-torque 
characteristics obtained by 
rh(‘OHtatic speu'd control 
(separately excited, shunt, 
and cumulative compound 
motor). 
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tion in the arrangement known as the Ward-Leonard Sysiem. In Fig. 7-12, 
M is the main motor the speed of which is to be regulated. It is supplied 
with power from the generator G which is driven by another motor M'. 
The field of the generator G is excited from a constant voltage source and 
may be adjusted from zero to a maximum value in both directions, by 




]'1G. 7-12. Ward-Leonard system for speed 
control. 


Fig. 7-13. Rheostatic 
speed control of a series 
motor. 


means of a rheostat and reversing field switch. In this way a smooth 
\'ariation of the voltage impressed on the main motor is obtained. The 
motor M' is very often an a-c motor, though it may be any suitable prime 
mover. 

(1)) Series motor. Rheostatic control is used for speed variation of the 
railway series motor. The resistor produces a drop in tlie speed curve 
similar to that in the shunt motor. Fig. 7-13 sliows speed characteristics 
for two different values of resistance in the armature (circuit. When a car 
is equipped with two or more motors, as is usually the case, series-parallel 
control is applied. This is a combined rheostatic and voltage control. At 
starting, the motors and their resistors are connected in series so that the 
terminal voltage of each motor is only a part of the line voltage. At full 
speed, the resistors arc cut out and the motors run in parallel so that the 
terminal voltage of each motor is equal to the total line voltage. At inter¬ 
mediate speeds, the resistors are partially or entirely cut out, or a motor is 
shorted out of the circuit. 

Applications of the different t 3 ^es of d-c motors are discussed in 
Chapter 50. 

Example 7-1. The data for the no-load characteristics of a 4-pole, 20-hp, 230-volt 
stiunt motor, taken at 1800 rpin, are: 

E: 75 no 140 168 188 204 218 231 240 262 268 

If: 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.4 1.6 

The combined resistance of armature and intcrpole winding at 75®C is 0.0814 ohm, the 
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shunt winding has 2800 turns per pole, the total resistance of the shunt field winding 
circuit is 259 ohms, tiie full-load current is 76 amp, the demagnetizing effect of full¬ 
load armature current (expressed in terms of shunt field current) is Md = 0.1 amp. 
Determine: (a) the full-load speed, (b) the full-load torque. 

From the no-load characteristic at 7/ = 230/259 = 0.89 = OP (Fig. 7-14) the in¬ 
duced emf E = 230. Therefore, the nf)-load speed is 1800 rpm. At full-load current the 
effective field current is OA = 0.89 — 0.1 = 0.79, which at speed no = 1800 
would give Eu = AA' = 218 volts. The actual induced emf, however, is E 230 — 
(76 X 0.0814 + 2) = 222 volts. In order to determine the speed consider Eq. 7-2 
for the induced emf. If in this equation three corresponding values of Eo, no and are 
given, then for any three other corresponding values of E, n, and 

n E ^0 E 4>o 

. - = — or n = no- 

no Eq ^ Eo ^ 

Since Eo ■=- 2iK volts and E = 222 volts and both are induced by the same flux, the 
8i)ee(l is 

222 

n = 1800-= 1832 rpm 

218 


and the tonpie (Eq. 7-6b) 

7.04 

T - - ™ (222 X 76) = 64.8 ft-lb 
1832 

Note that h^q. 7-(ib for the tonpie contains the ratio E/n^ i.e., the induced emf per 
revolution. It follows from Eep 7-2 for the induced emf that for a fixed value of the 
ratio E/n is a constant. Therefore, in calculating the torque from p]q. 7-6b any pair 
of values can be used for E and n, provided that they correspond to the actual flux. 
Thus the tori|Ue can be calculated here using Eo and no instead of E and n, i.e., 

7 04 

T =-(218 X 76) = 64.8 ft-lb 

1800 

Observe also that 21S/IS00 = C\^ (Eq. 7*2). 

This calculation shows that the armature reaction in a shunt motor may raise the 
sjH^ed above its no-load value (see Fig. 7-4). This condition may produce the equivalent 
of differential compound motor action, and instability at high or sudden overloads. 
This usually is overcome by a small series winding, sometimes called the stabilizing 
winding. 

Example 7-2. Assume now that the motor of Example 7-1 has also a series winding 
of 3.5 turns i)er |K)le. I'naking the total resistance of the armature circuit 0.089. Determine 
the sf)eed and tonpie at full-load. The series AT = 3.5 X 76 = 266, or in terms of shunt 
field current 266 2S0() = 0.095; therefore, the effective field current now will be 
0.89 -f- 0.095 — 0.1 = 0.S85 amp. This wmuld give (Fig. 7-14) Eo = 229 at no = 1800. 
The actual induced emf is E — 230 — (76 X 0.089 -f- 2) = 221.2. Therefore the speed 

001 o 

n - ISOO X - - = 1739 
229 
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and the torque (Eq. 7~6b) 

7 04 

T = (22L2 X 76) = 68 Ib-ft 

1739 

Actual tests showed the full-load speed to be 1730 rpm. 



Fig. 7-14. Example 7-1. 


Example 7-3. Assume that the series turns of this motor were increased to 7.5. 
Determine the speed and torque. The total armature circuit resistance is now 0.10 ohm. 
The series AT = 7.5 X 76 = 570, or in terras of shunt field current 570/2800 = 0.203 
amj). Therefore, the effective field current will be 0.89 + 0.203 — 0.1 = 0.993 amp. 
This would give (Pig. 7-14)Eo = 240 volts at no = 1800. The actual induced emf is 
E = 230 - (76 X 0.10 + 2) = 220.4. Thus, the speed 

220.4 

n = 1800=^ = 1655 
240 . 

and the torque (Eq. 7-6b) 

7 04 

T = (220.4 X 76) = 71.3 Ib-ft 

1655 

This will illustrate the action of the cumulative compound motor. 

Example 7-4. Assume that the machine of Example 7-1 has been designed as a 
series motor with 37.5 turns per pole, and that the resistance of the series winding is 
0.0636 ohm. Determine the speed and torque at full-load current, half-load current, 
and at 125% load, It is convenient to plot the no-load characteristic either in field 
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ampere-turns or in terms of series field current (Fig. 7-15). + 2 = 13 volts. The 

armature-react ion ampere-turns at full-load (Example 7-1) are 2800 X 0.1 = 280. 
The effective AT j>er pole at full-load is then 76 X 37.5 — 280 = 2570. At no = 1800 
rpm, Eo ~ 233 volts. The actual induced emf ‘mE == 230 — 13 = 217 volts. Thus, at full¬ 
load n = 1800 X (217/233) - 1678 rpm. The torque is T = (7.04/1678) (217 X 76) = 
69.2 ft-lb. At half-load the effective AT = 1285 and Eq = 148 at n© = 1800. The 



actual induced emf E = 230 — (0.1450 X 38 -f 2) = 222.5, and therefore n = 
1800 X 222.5/148 = 2700, and T = (7.04/2700) (222.5 X 38) = 22 ft-lb. At 125% 
load the effective AT = 3210 and Eq — 248 at no = 1800. The actual induced emf 
E - 214.3 and n * 1800 X 214.3 248 = 1555, T = (7.04/1555) (214.3 X 1.25 X 76) = 
92.1 ft-lb. 


PROBLEMS 

1. If the motor of Example 7-1 operates at a terminal voltage of 250 volts determine: 
(a) the no-load speed; (b) the full-load s|>eed; (c) the full-load torque developed. 

2. IlejKjat Problem 1 for a terminal voltage of 210 volts. 

3. Determine the armature current necessary for the motor of Example 7-1 to de¬ 
velop 60 ll)-ft tonpie at 1800 rpm. What is the field current in amperes? 

4 . Determine the armature current for the motor of Example 7-1 to develop 70 ll)-ft 
tonjue at 1600 rpm. Also determine the number of series turns per pole required to 
produce this torque. 

5. The motor in Example 7-1 is o{x?rating at rated voltage, rated load, and the volt¬ 
age is increased to 250 volts. If the torque demand remains unchanged, determine the 
8j)eed, armature current, and field current. 
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6. Repeat Problem 5 for a change in voltage from 230 to 210 volts. Explain why the 
speed is not directly proportional to the voltage. 

7. If the motor of Example 7-2 oj^rates at a terminal voltage of 250 volts determine: 
(a) no-load speed; (b) full-load sjx^ed: (c) full-load torque. 

8. Repeat Problem 7 for a terminal voltage of 210 volts. 

9. If the terminal voltage is 250 volts and the torque demand is the rated full-load 
value, determine the resistance in ohms which must be placed in series with the arma¬ 
ture of the motor in Example 7-2 in order to produce a full-load speed of 1750 rpm. 

10. If the motor of Pkample 7-2 is operated at 230 volts and 0.25 ohm is inserted in 
tlie armature circuit, determine the speed and torque at full-load current. 

11. Rei>eat Problem 10 for a terminal voltage of 250 volts. 

12. Determine the torque developed by the motor of Example 7-2, and the s})eed, 
for a terminal voltage of 230 and armature currents of 20, 40, 60, 80 and 100 amp. 

13. The core loss plus the friction and windage loss of the motor in Example 7-2 is 
1200 watts, and the stray load loss is 150 watts. Determine the conventional eihruency 
for rated armature current and full field at 230 volts. 

14. If the machine of Example 7-2 is to be operated as a generator using the 3.5 series 
turns cumulative, determine the speed of operation and tlie no-load voitage to produce 
a terminal voltage of 230 volts and an armature current of 75 amp. The shunt field 
resistance is 260 olims. 

15. Determine the full-load speed of the motor in Example 7-3 if a resistance of 
0.25 ohm is inserted in series with the armature. 

16. Determine the torque developed by the motor of Example 7-3, and the speed, 
for armature currents of 20, 40, 60, 80 and 100 am[). 

17. If a 230-volt series motor has an armature resistance of 0.20 ohm and a series 
field resistance of 0.10 ohm, determine the current rc(iiiired to develop a toniue of 50 
Ib-ft at 1200 rpm. 

18. A scries motor draws 100 amp at 550 volts and runs at 1200 rpm. The armature 
resistance is 0.08 ohm and the series field resistance 0.035 ohm. When the load current is 
reduced to 40 amp, the sjxjed is increased to 1950 rpm. Determine the iKjrcent reduction 
in air-gap flux. 

19. A 7.5-HP, 230-volt shunt motor has a full-load sjx^ed of 1750 rpm and takes a 
line current of 29 amp. The shunt field resistance is 300 ohms and the armature 0.30 
ohm. How much resistance should be inserted in the armature circuit in order to de¬ 
velop 20 Ib-ft torque at 1000 rpm? 

20. A 5-HP, 230-volt shunt motor takes a rated line current of 20.5 amp. The 
field resistance is 288 ohms and the armature 0.45 ohm. If the rated speed is 1750 
rpm, determine the developed torque and efficiency. 

21. The motor of Problem 20 is to be run at 60% reduced torque, at a speed of 
1000 rpm and a 10% increase in flux. Determine the armature current and the resist¬ 
ance to be inserted in series with the armature. 

22. A 25-HP, 230-volt shunt motor is rated at 900 rpm, 87.5 amp armature cur¬ 
rent. The armature resistance is 0.05 ohm. Determine the developed torque. What 
is the resistance in the armature circuit if the torque is 60% of normal at 750 rpm? 

23. If a resistance of 1.5 ohms is suddenly inserted in the armature circuit of the 
motor in Problem 22, determine the developed torque and armature current imme¬ 
diately after the resistance is inserted. 

24. A 120-volt, 1150-rpm shunt motor has a rated armature current of 150 amp. 
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The armature resiatance is 0.03 ohm. For constant torque and constant field flux, deter¬ 
mine the speed if: (a) the armature voltage is increased 10%; (b) the voltage is de¬ 
creased 10%. 

25. A 220-volt, 15-HP shunt motor has an efficiency of 85%, an armature resistance 
of 0.20 ohm, and a field resistance of 250 ohms. The full-load speed is 1750 rpm. Deter¬ 
mine the torque developed. If a resistance of 0.40 ohm is inserted in series with the 
armature and the torque remains constant, what is the motor speed? 

26. A 3-HP series motor runs at 1750 rpm and 11.6 arnp from 230-volt lines. = 
0.1 ohrn. Assuming a straight-line saturation curve, determine the speed, at constant 
torque, when the voltage is: (a) increased 10%; (b) decreased 10%. 

27. How must the terminals of a cumulative compound motor be changed in 
order to reverse the direction of rotation, and still remain cumulatively compounded? 
Show by diagrams of connections. 

28. A 3-HP, 220-volt cumulative compound motor takes an armature current of 
10.8 amp and runs at 1750 rpm. The armature and series field resistance are 0.30 and 
0.05 ohm respectively. Determine the developed tor(|ue. Determine the percent change 
in flux to produce a speed of 1350 rpm when the armature current is 20 amp and 
the voltage has been reduced 10%. 

29. The data for the no-load characteristic of a shunt dynamo, taken at 450 rpm, are: 

E\ 20 40 60 70 80 90 100 110 

I: 1.8 3.6 5.7 7.0 8.8 11.3 15.7 22.0 

This machine oix^rates as a shunt motor from 240-volt lines, the field resistance is 
15 ohms, the armature plus interf>ole field resistance is 0.04 ohm, the full-load arma¬ 
ture current is 500 anq), the demagnetizing effect of armature reaction is equivalent 
to 1 amp of shunt field current. There are 400 shunt field turns per pole. Determine 
for full-load current: (a) field current, (b) Bf)ccd, (c) developed torque. 

30. The motor of Problem 29 now has 6.5 series turns per pole added to give cumu¬ 
lative action. Assume long-shunt connection, and that the series field has a resistance'of 
0.01 ohm. Determine the speed and torque for full-load armature current. 

31. A 5-HP, 230-volt, adjustal)le-speed motor has 2500 shunt turns per pole, and 
9 series or stabilizing turns per pole. The armature reaction Md — 0.05 in terms of 
shunt field current, the armature resistance is 0.30 ohm, and the shunt field resistance 
240 ohms. The full-load armature current is 20 amp. The data for the no-load saturation 
curve taken at 525 rpm are: 

E: 40 60 80 100 120 140 160 180 200 

1: 0.075 0.12 0.165 0.21 0.27 0.35 0.49 0.75 1.23 

When operating at full-load current, the following speeds are desired: 615, 800, 1000, 
1200,1400,1600, and 1800 rpm. Determine the values of shunt field resistance necessary 
for each speed. 

32. A 120-volt shunt motor with a field resistance of 37 ohms and an armature 
resistance of 0.07 ohm operates at 750 rpm and takes an armature current of 80 amp. 
Neglecting armature reaction, at wiiat speed should it operate as a generator to deliver 
75 amp at 120 volts? 

33. A 230-volt motor has a no-load speed cf 1200 rpm, an armature resistance of 
0.05 ohm, and a full-load current of 100 amp. Armature reaction reduces the air-gap 
flux at full-load to 95% of the no-load value. Determine the full-load speed. 
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34. A 50-HP, 440-volt series motor operates at 1200 rpm with a full-load efficiency 
of 90%. The armature resistance drop is 12 volts, and the series field drop is 8 volts. 
Determine: (a) the armature current; (b) torque developed. 

35. If the voltage in Problem 34 above is reduced to 350 volts, determine the torque 
and speed for the rated armature current determined. Assume the air-gap line as the 
magnetization curve. 

36. A 5-HP, 220-volt shunt motor takes a no-load armature current of 3.0 amp and 
operates at a speed of 1150 rpm. The armature resistance is 0.3 ohm. If the field flux is 
reduced 20% and a resistance of 1.5 ohms is placed in the armature circuit, the motor 
operates at 850 rpm when loaded. Determine the armature current and torque 
developed. 

37. An electric hoist with an overall efficiency of 60%. is driven by a shunt motor 
which lifts 5 tons through 45 ft in 30 sec. Determine the HP rating of the motor and the 
line current. Line voltage = 230 volta, efficiency = 0.88. 

38. A 550-volt shunt motor is driving a pump which is delivering 500 gallons of 
water per minute against a head of 200 ft. The pump efficiency is 75% and the motor 
90%. Determine (a) the HP output of the motor; (b) the motor line current; (c) the 
operating cost per hour with energy at 3.5 cents per kw-hr. 
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8-1. The short-circtiited winding element. Linear commutation. Advan¬ 
tage of accelerated commutation. If is the total armature current, the 
current in each parallel path and also in the conductors of each winding 
element is 



a 


Consider F'igs. 3-7 and 3-11. Rotating in the magnetic field, the winding 
element changes from one armature path to anotlier thus changing its 
current from +ia to — ia (or vice versa). During the time of reversal the 
conductors of the winding element lie in the neutral zone and the winding 
element is short circuited by one brush in a lap winding, or by two brushes 
of the same polarity in a wave winding with p brush studs. 

The current flowing in a winding element is thus an alternating current 
of the shape shown in Fig. 8-1. Tc is the time of current reversal (of 
commutation). 

Fig. 8 2 shows schematically a winding element of a lap winding with 
its connections to the commutator bars. It is assumed that the width of 
the lirush is equal to the width of a commutator bar. In this case the brush 
can short-circuit only one winding element. In Fig. 8-2 the short circuit 
of tlie winding element begins when brush edge b touches commutator 
bar 1, and ends wlien the lirush edge a leaves bar 2. h is the leading brush 
edgCf and a is the trailing brush edge. 

At the beginning of the short-circuit period Tc{t = 0), the current in 
the winding element is (Fig. 8-1); the brush is then on bar 2 only. 
At the end of the time Tdt = T,.), the current in the winding element is 
— the brush is then on liar 1 only. At intermediate times, the brush 
lies on both bar 1 and bar 2. 

If there are no further influences on the short-circuited winding ele- 
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ment, the change-over of the current from -|-fo to —4 is determined by 
tiie magnitude of the contact areas of the brush with the commutator 
bars 1 and 2 (areas yl, and As in Fig. 8-2), i.e., the current in the short- 
circuited winding element is, at any time, 

’ ■ ’• (' ' 

where A = -|- ylj is the total contact area of the brush. At the begin¬ 

ning of the short-circuit period, Ai is equal to zero and i = A-ia] wdicn 
A\ = A/2, i.e., when the brush contacts both commutator bars equally, 



iiiont of a lap windiiig. 


i = 0 and no current flows in the short-circuited winding element. At 
times when Ai is between zero and -4/2, the current i clianges from -fz’a 
to 0. At times when Ai is larger than 4 2, i becomes negative, and i 


reaches the magnitude —ia when Ai =4. 
At this instant of time the commutation 
period is finished. 

In Eq. 8-2a, the times t and Tc/2 can 
be introduced instead of the areas 4 1 and 
4 /2 since these quantities are propor¬ 
tional to each other. Thus 



(8-2b) 



I'lu. a~3. Linear commutation. 


Fig. 8-3 shows the current in the short-circuited winding element i as a 
function of ty corresponding to Eq. 8-2b. This is a straight line. The length 
of the rectangle is equal to the period of commutation Tc- The distances 
from the axis of abscissae to the straight line represent the short-circuit 
currents i, A curve which represents the short-circuit current i as a func¬ 
tion of time t is called a commutation curve. Fig. 8-3 represents linear 
commutation. 
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The most dangerous instant of the commutation period is / = Tc, i.e., 
the instant at vviiich the trailing brush edge (a, Fig. 8-2) leaves commu¬ 
tator bar 2. If the current density becomes too high at the trailing brush 
edge at the end of the commutation period, then sparking appears under the 
brush. As a result of this the commutator is pitted, and the sparking be¬ 
comes progressively worse owing to the poor surface contact between the 
brush and the commutator. 

Besides being dependent upon the efficiency and the heating of the 
windings and iron, the usefulness of the commutator machine is, above 
all, dependent upon its commutation. It is necessary, therefore, to have 
the current density under the trailing brush edge as low as possible; this 
is the same as saying: the current flawing through the contact area A 2 at the 
end of the commutation period must be as small as possible. 

Consider Fig. 8-2. The plus and minus signs before ia refer to the wind¬ 
ing element considered, but not to the brush. The brush carries the cur¬ 
rent 2ia, and the part of this current which flows into the brush through 
the contact area A 2 is equal to i + ia (Fig. 8-2). 

The instant of time shortly before the commutation period is finished, 
t — Tc — At (Fig. 8-3), will be considered. For this instant of time, A 2 
becomes equal to Ail 2 * From Eq. 8-2b for t = Tc — At 


i = 



— ia “b Aia 


The current w'hich flows through Ail 2 at t = Tc — At is equal to i + ia = 
— ia + Aia + ia = Aia. If Aia Can be made equal to zero at t = Tc — At, 
then no current flows through the contact area A 2 at this time, and the 
current ilensity at the trailing edge of the brush is zero at the end of tlie 

commutation period. Since the current 
through il 2 at time t = Tc — At is i + 
ia = +Afo, apparently Aia will become 
zero at this instant of time if i is equal to 
—ia, i.e., if the current in the short- 
circuited winding element reaches its end- 
value —ia shortly before the commutation 
period is over. 

Fig. 8-4 shows a commutation curve 
W'hich satisfies this condition. It is tan¬ 
gent to the lower horizontal line of the rectangle at times close to Tc. This 
type of commutation curve yields better commutation than the linear 
commutation curve shown in Fig. 8-3. 

The straight line w'hich corresponds to linear commutation is drawn in 



Fia. 8-4. Accelerated commutation. 
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Fig. 8-4 as a dotted line. Comparing both commutation curves, it is seen 
that the curve which yields the better commutation effects the change¬ 
over from +ia to —ia faster than the linear curve does. Consider, for 
example, the times t and at ^ the positive value of the current i in the 
short-circuited winding element is smaller than the positive value which 
the straight line yields; at t' the negative value of the current i is larger 
than the negative value which corresponds to the straight line. In com¬ 
parison with the linear commutation of Fig. 8-3, Fig. 8-4 represents 
accelerated commutation, 

8-2. The emf of self-induction of the short-circuited winding element 
and the emf due to the armature flux. Delayed commutation. It follows 
from the previous considerations that accelerated commutation is de¬ 
sirable in order to accomplish sparkless commutation. However, phe¬ 
nomena occur in the short-circuited winding ele¬ 
ment which delay the commutation. 

It has been explained previously that the field 
winding of the d-c macliine produces a leakage 
flux, Fig. 4-1, i.e., a flux which docs not go through 
the main magnetic path of the machine (gap, teeth, 
and core). The same is true of the armature wind¬ 
ing embedded in the armature slots. This winding 
produces several fluxes which do not go through 
the main path. One of these leakage fluxes is that 
around the end-windings, i.e., around the external 


Fig. 8-0. Slot and tool!) 

Fig. 8-5. End winding leakage flux. top leakage fluxes. 

connections between the conductors, Fig. 8-5. Another leakage flux is that 
which crosses the slots without cro.ssing the gap. A third leakage flux is 
that between the tooth tops in the gap without going through the pole 
iron. The latter two leakage flu.xes are shown in Fig. S-b. 

These three leakage fluxes have no influence on the winding elements as 
long as their current remains constant (equal to -|-ta or —i„). However, 
when a winding element goes through the commutation period, i.e., when 
its current changes from -fia to —ia, or vice versa, these leakage fluxes 
which are proportional to the armature current undergo changes and 





D C AND A C MACHINKS 


102 

iruluce an emf of self-induction in the short-circuited winding element. 
This ernf opposes any change of the current and, therefore, delays the 
commutation. Fig. 8-7 shows the influence of the emf of self-induction. 
For (iornparison the straight line which corresponds to linear commuta¬ 
tion is also shown as a dotted line. Com¬ 
paring both curv'cs it is seen that at time 
t the positive value of the current i in the 
short-circuited winding element is larger 
than the positive value which the straight 
line yields, and that at lime /' tlie negative 
value of the current i is smaller than the 
negative value wliich corresponds to the 
straight liiKs This is exactly opposite to 
the desiral)le accelerated commutation 
shown in Fig. 8-4. 

Refer to Fig. 4-5 which shows the armature flux of a generator. A 
winding element which lies in tlie neutral axis and undergoes commut ation 
cuts t his flux and an canf is induced in the sliort-circuited winding element. 
Consider otk^ of the conductors of the winding element, for example, the 
conductor lying to the left in the figure; the same result obtained also 
applies to the other conductor of the winding element. Under the S-pole 
the lines of force* of the field flux go fro7n the armature into tlie pole 
(Fig. 4“4); the dir(‘ction of the emf induced by the field flux in the con- 
duct.or considen'd, short ly liefore it reaches the neutral axis, is that sliown 
tiy the dot . During the commutation period, the conductor emf induced 
by the field flux changes from the dot corresponding to a S-pole to a cross 
corresponding to a N-pole, .I/? arcelcratiofi of the commutation in the con¬ 
ductor is achieved if an emf corresponding to the X-polc is induced in it 
ivhilc it undei-goes (‘ommutation, i.e., before the commutation period has 
ended. Consider the armature flux (o the left in Fig. 4-5; it emerges/ro?n 
the armature just as t he field flux under the S-pole does. This armature flux 
therefore induces, in the conductor considered, an emf of the same direc¬ 
tion as tliat of the main S-pole, wliile an emf induced by a N-pole is neces¬ 
sary for acceleration of tlie commutation. Thus the emf induced in the 
short-circuited winding element by the armature flux delays the commu¬ 
tation just as the emf of self-induction does. However, it is mainly the emf 
of self-induction which causes the sparking in the d-c machine, 

8-3. Acceleration of the commutation by means of the main flux or 
interpoles. It follows from the foregoing that, in order to achieve good 
commutation, means must be adapted to counteract the delaying action 



8 7. Dcl’iyi'tl comnuitaiion du« 
lo the eirif of s(‘lf-in(liictioa in Uie 
Bhort-circuilcd windifig oleinrnt. 
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of the 6mf of self-induction and the emf induced by the armature flux in 
tlie short-circuited winding element, i.e., means must be applied to 
accelerate the commutation. For this purpose either tlie main flux can be 
employed or special poles, interpoles, which lie between the main poles can 
be used. 

(a) Acceleration of commutation hy the main flux. It lias been explained 
in the foregoing article that acceleration of the commutation occurs if a 
voltage corresponding to the next pole ahead is induced in the winding 
element undergoing commutation. Referring to Fig. 4-5 wliich represents 
a generator, this means that an emf corresponding to the N-pole must 
be induced in the short-cir(aiited winding clement while it commutates. 
This can be achieved by moving the brushes in the direction of rotation 
(sec Fig. 4-8): the short-edreuited winding element cuts the lines of force 
of the main flux during the commutation period, and an ('mf is induced in 
it by the main flux which counteracts both the emf of self-induction and 
the emf induced in the winding element by the armature flux. 

The foregoing considerations refer to a generator. The brushes must 
be shifted in the direction of rotation, in order to a(‘celeratc the com¬ 
mutation of a generator. In a inotor the brushes must lie shifted opposite to 
roialion, in order to accelerate the commutation. This is due to the fact 
that in a motor the current and the emf induced hy the main flux are in 
counter-phase (see Art. 7-1). 

The brush shift method for the purpose of improving (jomrautation is 
used only in very small machines. The reason for tliis should lie a|>i>arent 
from the following discussion. The average change of current in the short- 
circuited winding element during the commutation period is 2ia/Tc and is 
proportional to the armature current la = aia- Therefore, the average emf 
of self-inducticn in the short-circuited winding (which is usually con¬ 
sidered in the commutation problem) is also proportional to the armature 
current. The emf induced in the sliort-circuited winding l)y the armature 
flux also is proportional to the armature current (see Eq. 1-20) since the 
armature flux is proportional to the armature current. Thus, both emf\s 
delaying commutation in the short-circuited winding element, the emf 
of self-induction and the emf induced by cutting the armature flux, 
are proportional to the armature current (to the load). Hence, in order 
that a counter-acting emf in the short-circuited winding clement be 
effective at all loads, it should be proportional to the armature current 
(to the load): i.e., this emf must be induced by cutting a flux which is 
proportional to the armature current. 

The main flux is determined mainly by the field winding and is not 
proportional to the armature current. Therefore, it is not a satisfactory 
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flux to be used for improvement of commutation. Wlien used for this 
purpose, tiie brush shift will improve the commutation only at a fixed 
load, but not at all loads, because for a fixed position of the brushes there 
is a corr(!sporKling fixed density of tlu; main flux at the armature. Further¬ 
more, (he shift of the brushes necessary to improve the commutation (in 
the direction of rotation for the generator, opposite to the rotation for the 
motor) weakens (he main flux (see Art. 4-3). 


I 



Fi<{. H 8. liitiTjxilo arranrc- 
in(*nt for a 2-|)olo goiuirutor. 



I'lo. 8-9. Interpole ar¬ 
rangement for a 2-pole 
motor. 


(1)) Accderation of commulaiion by meojis of inlerpoles. Only very 
small d-c machines do not have interpoles for improvement of the com¬ 
mutation. The axes of the interpoles coincide with the neutral axes (Figs. 
S-8 and 8^)). Since t he purpose of the interpoles is to accelerate the com¬ 
mutation, their polarities (in the direction of rotation) must be those of 
the next foUowitig main pole in a generator (Fig. 8-8) and those of the 
preceding main pole in a motor (Fig. 8-9). The interpole winding is excited 
by the armature current and is connected in series with the armature 
winding. The mrnf of the interpole winding is adjusted to eliminate the 
armature mtnf in tlie interpolar spaces and to produce, in addition, an 
interpole flux sufiicient to induce in the short-circuited winding element 
an emf equal and opposite to the emf of self-induction, thereby accelerat¬ 
ing the commutation according to the commutation curve. Fig. 8-4. 
Since the interpole flux is proportional to the armature current, it im¬ 
proves the commutation at all loads. 

PROBLEMS 

1. A 7.5-kw, 250-volt generator has 4 poles, 92 commutator bars, and a lap winding. 
The full-load current is 30 amp, and the speed is 1750 rpm. The diameter of the commu¬ 
tator is 51 in., and the brush thickness is f in. Neglecting insulation thickness between 
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bars, determine the time of commutation of a single winding element and the average 
di/dt at full-load. 

2. If the machine in Problem 1 is operated at 1150 rpm with an armature current of 
25 amp, determine the time of commutation and the average di/dt for a single winding 
element. 

3. A U-HP, 230-volt, 6.3-amp, 1750-rpm, 2-pole shunt motor has 63 commutator 
bars and a commutator diameter of 3| in. The brush width is | in. Determine the 
time of commutation and the average di/dt for a single winding element. 

4. The 250-kw generator whose dimensions are given in the Exami)le in Chapter IV 
has a commutator with a diameter of 17.5 in. and 216 commutator bars. The brush 
width is 2.8 commutator pitches. Determine the time of commutation and the average 
di/dt for a single winding element at full load. Neglect the thickness of insulation 
l)etween bars, 
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In tliis cfiaptcr sonu' of the special d-c machines will be descrilied, 
namely: 

Thnnvwire generator. 

Dynamotor. 

Dynamic rotating amplifiers (Trade names: Amplidyiic and Ilototrol). 

9-1. Three-wire generator. A grc^at economy in the xise of copper can be 
rc^alized wlien {)ow('r transmission is accomplished at a high voltage and 
a low current rather than at low voltage and high current. Assume V to 
be t he volt age ai the generator end, I the current transmitted, and R the 
total resistance of the line wires. The power loss in the lines is tlien PR. 
If the same power is transmitted at the voltage 2T", the current is 1/2. 
For the same power loss, the resistance of the lines is then four times 
larger, and therc*fore the weight of the copper in the line wires is only 
one-fourth of its value at the \ oltage T". 

However, in incandescent lighting, lamps designed for 110 and 115 
volts are more efficient than those designed for higher voltage. The 3-wire 
system makes it possilile to connect lamps and small loads (small motors) 
to a low voltage, while larger loads (larger motors) can be connected to 
a voltage twice that of the lamps. 

Fig. 9-1 shows the connections of a 3-wire generator devised by 
Dolivo-Dobrowolsky. A 2-pole generator is assumed, and the armature 
winding is sliown only schematically. A coil of wire DE wound on an 
iron core and tliiis having a high reactance is connected into the armature 
winding between points D and E which lie a pole pitch (ISO electrical 
degrees) apart. The voltage between points I) and E is alternating (see 
Art. 3-4). The current in the coil DE has the frequency pn/120, and is 
very small due to (he high reactance of the coil. The mid-point M of the 
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(*oil is connected to a slip-ring the Inrushes of wliicli are connected to a 
t liird wire or neutral wire. Lamps and small motors are connected between 
the outer wires and the neutral wire, 
while larger motors are connected 
between the outer wires (see Chap¬ 
ter 51). 

Wlien bo til halves of the s^-stem 
are loaded equally, i.e., Ii = 72, no 
current flows through the neutral 
wire. When both halves of the sys¬ 
tem are loaded unequally, then the 
difference h — I 2 flows through the 
neutral wire. This current divides in¬ 
to tw^o parts in the coil DE, which 
go through the armature to the posi¬ 
tive as well as to the negative brush. 

9-2. Dynamotor. A generator is often called a dynamo. The dynamotor is 
a coml)ination of a d-c genei’ator and d-c motor in a single unit. The pole 
structure and armature core are common for both machines, but tliere 
are two separate armature windings and two separate commutators with 
l)rushes. If voltage is impressed on one of the two armature windings, 
the macliine runs as a motor. The common flux induces enif’s in both 
windings. Therefore, the second armature wdnding can be loaded as a 
generator. The enif induced in the motor is determined by the terminal 
voltage and the voltage drops and is approximately ecjual to the impressed 
voltage (see Eq. 7-1). Since speed and flux arc tlie same for bot li windings, 
the emf induced in the generator winding is nearly (xpial to the voltage 
impressed on the motor times the ratio of iium})er of conductors Zg/Z„,y 
i.e., the generator voltage cannot be regulated independently. 

The dynamotor has a higher efficiency than a 2-unit motor-generator. 
Dynamotors are used mostly for radio and other communication services 
in ratings of a few hundred \vatts. The motor power is taken from a 
storage battery at low voltage. The generator voltage may be as high as 
1500 volts. 

9-3. Dynamic rotating amplifiers. An amplifier is a device which, operated 
by very little powder, is able to control the flow of a much larger quantity 
of power. With this definition, a d-c generator may be considered as a 
powder amplifier. Consider Fig. 9-2. A prime mover M drives a d-c 
generator G which delivers the powder P to the load. This power is de- 


Outer Wire 
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livered by the prime mover, but the generator field can be used to control 
the power flow to the load, since the voltage and current of the generator 
depend upon tlie power of the field. 

The field power of a d-c generator with low saturation and a relatively 
small air gap is about 1% of the power transmitted to the load. Such a 
d-c generator thus has an amplification of 100:1 = 100, i.e., one w'att in 
the field circuit is able to increase the output by 100 watts. This ampli¬ 
fication can Vie increased by using t wo d-e machines in series as shown in 
Fig. 9-3. Here an amplification of 100 X 100 = 10,000 can be achieved. 
However, an amplifier must have not only a certain amplification but also 



I’kj. 9 2. D-c generator Fig. 9-3. Increase of amplification by 

as a power amplifier. using two machines. 


a certain rapidity of response; and a system, as shown in Fig. 9~3, is 
sluggish in this respect due to the fact that it has two separate magnetic 
circuits. The rotating amplifier should have only one magnetic structure 
and at least two electric circuits in order to be useful in industrial ap¬ 
plications. 

There are two solutions to tins problem in present-day use. One of 
them is the Amplidyne; the other, the Rototrol. Both are 2-stage am¬ 
plifiers. 

(a) The Amplidyne {abhremated form for dynamic amplifier). In the 
Amplidyne, lioth stages have the same number of poles. Fig. 9-4 shows 
schemati(?ally a 2-pole Amplidyne. Contrary to the normal d-c machine, 
which has only one set of brushes placed (electrically) in the neutral axis 
(brushes in the Amplidyne there is another set of brushes {B 2 B 2 ) 

which is shifted with respect to the first set by half a pole pitch, i.e., by 
90 electrical degrees. The latter brushes then lie (electrically) in the pole 
axis. The brushes BiBi are directly cormected together. 

Separately excitcvd coils C, called control coils, are arranged on the 
poles. The flux produced by the control coils induces an emf between 
the brushes BiBi, as in the normal d-c macliine. Since these brushes are 
connected together, a current will flow between them. This is the first 
stage of amplification. The current flowing between the brushes BiBi, 
produces an armature flux <I>i, in the axis of these brushes (see Art. 4-3). 
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The flux 9>i induces an emf between the brushes B 2 B 2 which are connected 
to the load. This is the second stage of amplification. For a power of 
1 watt in the control coil there will he a corresponding power of about 
100 X 100 = 10,000 w'atts at the load brushes lUBi. 

The load current produces an mmf in the axis of the brushes B 2 B 2 
which opposes the mmf of the control coils. Therefore, a compensating 
winding is necessary which eliminates the armature mmf M 2 . Since the 



Comp, w 


Load 






Fid. 9-4. Scheme of 2-polo Ani- 
plidyno. 


I'lo. 9-5. Ainplidyne. Split 
polos and inlerpoU's. 


volt-amperes which correspond to M 2 are 10,000 times as great as the 
volt-amperes in the control circuit, a very exact compensation of the mmf 
M 2 is necessary; otherwise if a part of the control field is nullified, the 
amplification will be reduced. 

Fig. 9-4 does not show the interpoles which are necessary for a good 
commutation. Since the Amplidyne has two sets of brushes, it needs 
twice as many interpoles as the normal d-c machine, namely, four inter¬ 
poles in a 2-pole Amplidyne. The practical amplifier, therefore, has split 
poles, as shown in Fig. 9-.5, and four interpoles are arranged, two for 
each brush axis. The coils which compensate M 2 are wound around the 
poles NN and <SS so that their axis coincides with the axis of the 
brushes B 2 B 2 . 

In order to increase the amplification, the Amplidyne may have, in 
addition to the control coils and compensating winding, a shunt winding 
for the axis BiBi connected to the load terminals, and also series windings 
in both axes as shown in Fig. 9-6. 

(b) Two-siage Rototrol (abbreviated form for rotating control). This 
dynamic amplifier has different numbers of poles for the two stages, the 
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pole-ratio teiriK 1:2. The finst .stage lia.s tlic le.s.ser miinl)er of pole.s; the 
second stage, 1)ie larger iiurnher. The .smMlle.st numbens of poles for t his 
type of amplifier are, 1her('for(‘, two for the first stage and four for the 
second stage. \\’ith the.se numbers of poles t he machine lias a 4-pole field 
structure, four interpoh's, a /f-pole armature, and four brush studs. The 
appearance is that of a normal 4-pole generator, except that the field 
windings arc difTerent. 

Fig. 9-7 shows schematically the armature, the main poles, and brushes. 
The interpoles are omitted for the sake of simplicity. The four main 
poles are designated by 1,2, 3, and 4, and the four brushes by Bi, B 2 , Bi, 



Tin. 1) (>. Aiiijilidyno with shunt and serins 
field e<»ils. 



I'm. 0 7. Miiiii pole.s and 
hrusht'.s of the 2-stap‘ 
Jt()lr»t rol. 


and /? 4 . The armature lias a 4-pole lap winding. Conirol coih are plaeed on 
poles 1 and d, These coils will produce a flux in poles 1 and 3 l)ut not in 
I)()les 2 and 4. Applying Faraday’s law of induction to the armature 
winding, it will he found tliat the control flux induces an emf only be¬ 
tween the brushes 1 and 3; the resultant emf induced by the control 
flux Ix'tween t he brushes Bn and is zero. The control coih and the arma- 
turc hctivccU’ the Imishes Bi and make the first stage of amplification. 
Fig. 9-S shows the {Kiles 1 and 3 with tlu* control coils and the armature 
with the brushes 1 and 3. The polarity of the lirushes is indicated in 
parentheses. 

The voltage betivccn the brushes 1 and 3 due to the 2-pole control flux 
is now used to excite four field coils placed on all four poles: 1, 2, 3, and 4. 
These field coils will produce a 4-pole flux distribution and emf^s between 
the four brushes, as in the normal 4-pole d-c machine; if the brushes Bi 
and /?3 (Fig. 9-7) have the polarity minus, the brushes Bo and B^ will 
have the polarity plus. The load is connected to the brush-pairs B 1 B 3 
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and -52^4. The four field coils on poles 1 , 2, 3, and 4 i^nd the armature 
between the brush-pairs BiB^ and B 2 B 4 make the second stage of am¬ 
plification. 

In this machine a 4-pole flux is superimposed on a 2-pole flux. The 
iron of the amplifier must be unsaturated, in order that both fluxes do 
not interfere with each other. 

The excitation of the four poles 1, 2, 3, and 4 of the second stage must 
follow only the control flux and 771 ust 7 iot be viflucnced by the load. To 
achieve this, the four field (*oils of the second stage must be arranged in 
a special manner. Fig. 9-9 sliows a series 4-pole excitation wliif‘h is 
independent of the load. The coils 1 to 8 are field coils placed on the four 




Fi (J. 9 8. First Fic. 9-9. Arriiiig(;ment of tiio field coils of the second 

stage of the 2-s(,iige stage. 

Ilototrol. 


poles ( 1 , 2 , 3, and 4) of the 4-pole machine, two on each pole. All eight 
coils have the same number of turns. Of the eight coils four are marked 
l>y C, four by D, On each pole is placed one C and one D coil. The four C 
coils as well as the four D coils are connected in scries. The eight coils 
are connected to the brushes which constitute the negative terminal 
of the 4-f)ole machine. The negative load terminal of this machine is 
connected to a tap between the coils C and coils Z). Tlie current of the 
2-pole machine is denoted by fh^^t of the 4-polc machine is de¬ 

noted by 2 / 4 . It can be seen from Fig. 9-9 that the load current ( 74 ) flows 
through the C coils in a direction opposite to that- through the D coils. 
If the C and 1 ) coils are wound in the same direction, t!ie resultant mmf 
on each pole, due to the current I will be zero; i.e., if this current makes 
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the four C coils cumulative compound, the four D coils will be differential 
compound, and the load current U will have no effect on the excitation 
of the 4-pole machine. 

Now consider the current / 2 b,b, produced by the control field in the 
2-pK)le machine between the brushes (Fig. 9-9). This current flows 
through the C'-coils and /)-coils in the same direction. Since all coils are 
wound in the same direction, their mmf’s add up on each pole producing a 
strong field for the 4-pole machine, i.e., for the second stage of ampli¬ 
fication. 

The arrangement described in the foregoing represents a pure amplifier, 
i.e., the load of the sc-cond stagi; is controlled exclusively by the excitation 
of the first stage (by the ciontrol coils). When the current in the control 
coils is zero, the output ( 2 / 4 ) of the machine is zero, i.e., under steady 
state conditions the amplifier delivers no power. It is usually desirable 
to use the machine as an amplifier for control purposes under transient 
conditions and as a normal generator under steady st ate conditions. This 
can be accomplished by arranging additional scries coils on the four 
poles 1, 2, 3, and 4 and placing them in the load-circuit (for example 
in the negative load-lead connected lietween coils 4 and 5 in Fig. 9-9). 
Instead of st^ries coils, shunt coils on poles 1 , 2 , 3, and 4 also can be used. 
As in the Araplidyne, the 2-stage Ilototrol also needs a (iompensating 
winding to counteract the armature reaction wliich tends to weaken the 
control flux. 

The type of machine described as the 2 -.stage Rototrol can be readily 
made to operate as a 3-stage amplifier. Tliis extended design does not 
apply to the Amplidyne-type of amplifier. 




Chapter 10 


LOSSES IN D-C MACHINES 
HEATING AND COOLING 


10-1. Losses in the d-c machine. Both main elements of the electric 
machine, the magnetic circuit and the conductors carrying the armature 
current, introduce a certain amount of machine losses. 

Every electric machine is a converter of power: Tlie motor converts 
electri(*al power into mechanical power, the generator converts mechanical 
power into electrical power, and the motor-generator therefore converts 
electrical power into electrical power. The losses in the naichine caused 
by the flux and currents represent a power loss whiidi reduces the ef¬ 
ficiency of the machine. Because of this loss, the input to the machine 
must, of necessit}^ be larger than the output. Tlic c/Zicici/r^ of a machine 
is defined as: 

^ _ output _ input — losses _ _ losses 

input input output + losses input 

The different kinds of losses which appear in the electric machine and 
especially the d-c machine are considered in the discussions which follow. 

(a) Losses due to the main flux. Since the armature must rotate relative 
to the magnetic field in order that the emf be induced in the conductors, 
the particles of the armature iron are alternately magnetized, first in 
one direction and then in the other. This leads to the hysteresis losses. 
The magnitude of the hysteresis loss depends upon the area of the 
liysteresis loop, the number of magnetic cycles per second, and the quality 
of the iron. 

As has been explained in Chapter 2, the armature iron is laminated 
perpendicular to the direction of the current flow in the armature con¬ 
ductors in order to avoid parasitic (eddy) currents in the iron running 
parallel to the conductors and causing losses. However, eddy currents 
do appear in the single laminations and produce heat losses. The eddy- 
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current losses depend upon the flux density, the number of magnetic 
cycles per second, the thickness of the laminations, and the quality of 
the iron. 

According to Steinmetz, the liysteresis losses per unit weight can be 
represented by the following equation: 

n = cufB'" (10-1) 

where B is the maximum value of flux density and / = jm/120 is the 
numl)er of magnetic cyciles per s(‘con(l. ch is a constant depending upon 
the quality of the iron. Steinrnetz’s equation yields low values for the 
losses wlien B > flu,000 lines per sq in. A more accurate equation pro¬ 
posed by R. Ricliter is: 

P, = (ifB + (10-2) 


where a and h are constants corresponding to gh* In practice B > 65,000 
lines per sq in. In tliis (^ase the first term of ]^]q. 10-2 can be disregarded 
and the following eciuation used: 


‘"'‘oo(()4,r)00/ 


) watts/ll) 


The eddy-current losses are; 
1 


= a,YA -——^ \vatts/lb 

\ 00 () 4 , 5 ()()/ 


(10-3) 


( 10 ^) 


The constant a, depends upon the electric resistivity of the iron. A is 
the thickness of t he laminations in inches. The total iron los.ses per pound 
ai’(; 


P 


h+,- 


60X64,500/ \ 60 64,500/ 


watts/11) 


(10-5) 


In practice, iron-loss curves are used wliich represent the loss in watts 
per pound as a function of the flux density B. Such curves for different 
kinds of iron are given at the end of the book. It follows from Eq. 10-5 
that tlie iron loss is proportional to the s(iuare of the flux density B, 
The specific loss taken from iron-loss curves or determined from Eq. 
10-5 and multiplied l)y the weight of the teeth and core, respectively, 
will yield only a part of the iron losses produced by the main flux. This 
is due to many additional factors which increase the hysteresis as well as 
the edd 3 "-current losses, but mainl\' the latter losses. Eq. 10-5 as well as 
the iron-loss (*urves presumes that the flux density is sinusoidally dis¬ 
tributed in the gap. This is not the case in the d-c machine (see Fig. 3-19). 
If the flux distribution curve of the d-c machine is resolved into a Fourier 
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Ek;. 10-1. Hippie in the flux distribution 
curve due to slot openings. 


series, it will show a fundamental and considerable harmouics. These 
liarmonics produce iron losses which are not contained in the iron-loss 
curves. Further factors whicli produce additional iron losses are: non- 
uniform distribution of the flux over the (*ross-seet ion of the armature 
core, punching of the laminations, and filing of the laminations in order 
to remove the burrs. The increase of the iron losses, above the value 
y ielded by the iron-loss curves or Eq. 10-5, due to all factors mentioned, 
may lie as high as 40 to 60%. 

Tlie iron losses considered are those wliich appear in the armaliire 
iron. However, the main flux also causes iron losses in the poles, namely, 
on the pole surface. This is due to tlie fact that the openings of the armature 
slots distort the flux curve. Fig. 10-1. 

The flux density is larger at points op¬ 
posite the teeth than at points oppo¬ 
site the slots, owing to tlie difference 
of tlie magnetic reluctance. On the 
[ivi'rage flux density a ripple is super¬ 
imposed, the wave length of which is equal to a slot pitch. This ripple 
mo\es with respect to the pole and induces eddy (airrcnts in tlie pole 
surface. The amplitude of the flux pulsations, i.e., the differen(‘e between 
tli(‘ maximum and average flux densities, depends upon the slot opening. 
It is much lai'ger in machines with open slots than in macliines with 
semi-ciosed slots. In machines with open slots the pole-surface losses 
may be as higli as 20 to 50% of the iron losses yielded by Eq. 10-5 or 
the iron-loss curves. 

The existence of the main flux is associated not only with losses in 
tlie iron but also with losses in the copper of the field winding as well as 
of the armature winding, even when the latter is not loaded. In order to 
produce the main flux, a current-carrying field winding is necessary. The 
copper losses in the field winding are I/Ii/j where 7/ is the field current 
and Rf the total field resistance. The copper losses produced by the main 
flux in the armature winding are due to the fact that a small part of the 
main flux goes through the slots and armature conductors as shown in 
Fig. 10-2. Since the flux interlinkage with the armature conductors 
changes with the position of the poles, eddy currents are produced in the 
conductors, and mainly in those which lie in the top of the slot near the 


air-gap. 

In d-c machines the armature winding often is held in place by bands 
''liich are placed in grooves made in the armature core. The main flux 
also induces eddy currents in the steel-wire bands. 

(b) Losses due to the armature current {load). The load current produces 
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copper losses in the armature winding and in the interpole winding which 
is connected in series with the armature winding. If there is a series field 
winding and compensating winding, these windings are also connected 
in series with the armature winding and the load current will produce 
copper losses in them. A considerable loss is produced by the armature 
current in the contact resistance betw^een commutator and brushes. 
This loss is equal to 

2 aV X la — 2 X la watts 

Additional copper losses in the armature winding are caused by the 
cross-flux in the slot (see Fig. 8-fi). It has been shown in Art. 8-1, Fig. 
8 -1, that tlie current wiiicli flows in the conductors of a d-c machine is 
an alternating current which changes its sign each time the conductor 




Fig. 10 2. Main flux in the slolu of a ^saturated d-c machine. 

changes from one armature path to another path. The frequency of the 
current is p///120, just as for a-c machines (see liq. 1-9). The change of 
current causes changes of the slot cross-flux wiiich produce eddy currents 
in the conductor. These eddy currents are sudi tliat they force the current 
to flow" only in the top part of the conductor {skin effect) thus decreasing 
the effective area of the conductor and increasing its resistance. As a 
result, the PR loss of the conductor is increased. 

Another source of additional copper losses is the main flux distortion 
due to the armature mmf (see Fig. 4-fl). The latter increases the flux 
density under one half of the pole and decreases it under the other half 
of the pole. This causes eddy-current losses in the armature conductors 
of the same kind as those produced by the main flux at no-load (see Fig. 
10 -2). These losses are negligil)le in machines in which the flux distortion 
is avoided by means of a compensat ing w inding. 

(c) Friction and windage losses. Because of rotation, l)earing friction 
losses occur in all machines. The amount of the bearing friction losses 
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depends upon the pressure on the bearing, the peripheral speed of the 
shaft at the bearing, and the coefficient of friction between bearing and 
shaft. 

In all commutator machines, brush friction losses must be considered 
in addition to the bearing friction losses. These brush friction losses are 
(juite large. Like the bearing friction losses they depend upon the brush 
pressure, the peripheral speed of the commutator, and the coefficient of 
friction between commutator and brush. 

Windage losses also occur because of rotation. The amount of the.se 
losses depends upon the peripheral speed of the rotor, the rotor diameter, 
the core length, and largely upon the construction of the machine. 

(d) No-load and load losses; stray load losses. A part of the losses 
considered above occurs when the machine operates at no-load and the 
remainder appears when the machine is loaded. The former is called 
no-load losses; the latter, load-losses. Table 10-1 gives the losses which 
appear at no-load and the losses which are due to the load. 


TABLK 10-1 


No-load 

losses 

Iron 
losses 
in the 
armature 
due to 
the main 
flux 
(1) 

Pole sur¬ 
face losses 
due to 
slot 

openings 

(2) 

Windage 

and 

bearing 

friction 

losses 

(3) 

Brush 
friction 
losses 
at the 

commutator 

(4) 

Losses 
in the 
conductors 
due to 
the main 
flux 

(5) 

Losses 
in the 
bands 
due to 
the main 
flux 

(6) 

Load 

PR losses 

Skin- 

Electric 

Loss in the 

Losses in 

Iron loss 

losses 

in all 

effect 

loss in 

armature 

the short- 

due to flux 


windings 

losses in 

the brush 

conductors 

circuited 

distortion 


j 

the 

contacts 

due to flux 

winding 



1 

armature 


distortion 

elements 




con¬ 







ductors 






(1) 

(2) i 

(3) 

(4) 

(5) 

(6) 


The additiorml losses due to the load (items 2, 4, 5, and 6 of the second 
row) are called stray loaddosses. 

(e) Examples of loss distribution and efficiencies. In the following 
tabulations is shown the loss distribution of two d-c machines, one of 
which is a 3-HP compound-wound motor and the other a 250-kw com¬ 
pound-wound generator. 
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Compound Motor 


Compound Generator 


Output 


I’illiftioncv 


3 HP, IIT) volts, It 

4 j)ol(*s, op(‘n typ(* 
Armature; (Mirnuit 
Sluint field (‘urrerit 

50 rprn 

24 amp 
— 0.7 amp 

250 kw, 240 volts, 1200 ri)m 

0 poles, open type 

Armature current = 1044 amp 
Shunt field current = 4.25 amp 

Armiituro CGi 

= 210 watts 

3800 u atts 

lnt(*r|)ol(; fi(‘I 1 

= 35 

IGOO (0 interpoles) 

(2 ijit(;rpol(‘s) 



Scri(‘s ti(‘ld l U 

= 25 

400 

iirusli coataft loss 

= 4S 

2100 

Stray load loss 

= 0 

2500 

Shunt field loss 

= SO 

1000 

Ircm (e(jn‘) loss 

= 100 

4400 

Prush friction loss 

20 

2000 

l3(;arin^; frict ion and 


windage; l(»ss 

= so 

2500 


.5!)S wut ts 

20,300 watts 

- (21 -f 0.7)1 lo V 

2S 10 

Output = 240 X 1.01 = 250 kw 

t =- 2S10 - oOS - 2 

212 WMtlK 

250 

- 3.0 HP 


I'ifliciencv = 100 X- = 

250 + 20.3 


(9 

100"- 7S.0- 


10-2. Heating and cooling of d-c machines. Tlio losses treated in the 
previous article are of difTenviil kinds, hut all of them appear in the 
electric machine in the form of head. Since th(‘ loss(;s are produced 
mainly in the active i)arts of the machine, i.e., in the iron which carries 
the flux and in the conductors which carry the currents, the lieat appears 
mainly in th(‘s(‘ machine parts. The result is an inen^ase in the temperature 
of the iron and copper above* that of the surroundings. 

Tests on various kinds of insulat'unj materials have shown that for 
each material there is a safe continuous-operating temperature which 
cannot he exc(*(*(l(‘d without impairing the life of the material. Tahle 10-2 
shows the limiting temperatures for the diilerent kinds of insulation 
as specifit'd l)y the AIEK. 

The tahle distinguishes four classes of insulation. Class O insulation 
consists of cotton, silk, j)ap('r, and similar organic materials when neither 
impregnated nor immersed in oil. Class A insulation consists of cotton, 
silk, paper, and similar organic materials when impregnated or immersed 
in oil; also enamel, as applied to conductors. Class B insulation consists 
of inorganic materials, such as glass, or mica and asbestos in built-up 
form, combined with binding substances. 
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A new development in the field of insulating materials is represented 
by the silicon binders and varnishes. These binders and varnislies when 
used together with the inorganic materials of Class B insulation yield an 


TABM-: 10 2 




lamiting Temperatures, °C 



for Industrial Api)aratus 

Class 

Material Classification 

Ther- 

Embedded 

Hot- 



moim^ter 

1 )('tector 

spot 

0 Untreated 

Untreated fabrics of cotton, silk, 




()rp;aiiics 

linen. Untreated paper, fiber. 





wood, etc. 

To 

85 

00 

A Treated or 

Oil, varnish, wax, or compound irn- 




impregnated 

pregnated fabrics or sheets of cot- 




organics 

ton, silk, linen, ))aper, wood, filx'r; 
oil, varnish, bakelite, organic filha- 
compounds. 

00 

100 

105 

H Treated or 

Asbestos, fiberglas, mica taiKi, 




impreg¬ 

oxide films, inoi-ganic fillers, aslies- 




nated inor¬ 

tos l)oards. (A limited amount of 




ganics 

oi’ganie materials may be used for 
binding ])uri)oses.) 

110 

120 

130 

II Treated or 

Mica, asbestos, fiberglas and sim¬ 




impreg¬ 

ilar inorganic materials in l)uilt-up 

j 



nated inor¬ 

form with binding substances com¬ 




ganics 

posed of silicone ca)mi>ounds, or 
materials witli e(iui\ailent proix^r- 
tics; silicone compounds in rub¬ 
bery and resinous forms, or mate¬ 
rials with eciuivalent properties in 
minute pro[)ortions. CTass A mate¬ 
rial may be used only where essen¬ 
tial for structural ])urposes during 
; manufacture. 

— 
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insulation which is able to withstand much higher temperatures tlian tlie 
standard Class B insulation for the same life of the winding (see class H 
insulation). 

The t empei’atui’e rise of any part of the machine deiTcasi^s as the heat 
conducti\it>' to the surface of the machine part and the heat transfer 
from the surface of tlie machine part to tlie cooling medium (normally 
air, or hydrogen in some large machines) are increased. High heat con- 
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ductivity of all materials used, i.e., of the laminations, conductor material, 
and insulating materials, and high heat transfer from the surfaces of 
windings and iron to the cooling medium are the necessary conditions 
for low temperature rises. The heat conductivity of the insulating 
materials is low. 

There are two ways for the heat transfer from the surface to the cooling 
medium to occur: (1) through radiation and (2) through convection, i.e., 
heat transportation by the moving air or hydrogen. The radiation is 



affected by the frame. In totally enclo.sed machines without an air supply 
from the outside, convection is al.so affected only by the frame. In open- 
type machines and in totally enclosed machines with an air supply from 
the outside, the winding and the laminations, as well as the frame, are 
included in the heat transfer by convection. The heat transfer by con¬ 
vection is much larger than that by radiation. 

Sufficient ventilation (cooling by convection) of the machine is neces¬ 
sary in order to keep the temperature rises of the iron and copper within 
the prescribed limits. This ventilation can l)e achieved when care is taken 
in the design to insure that good heat transfer will take place from the 
active iron and copper, where the losses originate, to the cooling medium. 
For ventilating purposes, the armatures of machines with cores longer 
than 5 inches are divided into stacks of laminations about 2 in. wide, 
separated by f-in. ventilating ducts through which the air is forced 
(see Fig. 2-5). Forcing air through radial ducts facilitates the transfer to 
the air of the heat due to the losses in the iron and also in the embedded 
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parts of the windings. Sufficient air circulation must also be present 
around the end-windings and field coils so that the heat developed there 
can be transferred to the air. 

Of the various kinds of machine construction, the open machine, i.e., 
one in which there is no restriction to ventilation other than that neces¬ 
sitated by good mechanical construction, is preferred. However, on 
account of the environment, more or less complete enclosure may be 
necessary. The different types of enclosures are defined in the NEMA 
(National Electrical Manufacturers Association) Standards. 

Fig. 10-3 shows the air flow in an open-type d-c machine. 

PROBLEMS 

1. A 420-kw, 600-volt, 600-rpm long-shunt-connected compound generator has an 
armature +interpole resistance of 0.03 ohm, a series field resistance of 0.01 ohm, and a 
shunt field resistance of 45 ohms. The total friction and windage loss is 7 kw, the core loss 
3.5 kw, and the stray load loss 1.5 kw. Determine the driving torque and the full-load 
efficiency. 

2. A 400-kw, 600-volt shunt generator has an armature-circuit resistance of 0.032 ohm 
jiiui a field resistance of 50 ohms. The total friction and windage loss is 3.7 kw, the core 
loss 3.5 kw, and the stray load loss 4 kw. Determine the generator efficiency at rated 
output. 

3. Assuming the iron losses and the friction and windage losses to be constant 
(eiiual to rated load values), and the stray load losses to vary as the square of the 
armature current, determine the efficiency of the generator in Problem 2 for J, I, 

I 'i, and 1^ rated load current. Draw the curve of efficiency vs. armature current and 
estimate the load at which maximum efficiency occurs. Assume I / constant. 

4. A 120-volt shunt motor has an armature-circuit resistance of 0.125 ohm and a field 
resistance of 100 ohms. At no-load it takes 3 amp at 120 volts. At full-load, 120 volts, 
it takes 40 amp from the line. The stray load loss is 50 watts. Determine the motor 
output and efficiency at full-load. 

5. A shunt motor is tested with a Prony brake, and the following data are recorded: 
terminal voltage 120, line current 90 amp, speed 1250 rprn, scale reading 23 lb, scale 
arm 25 in. The armature resistance, including the stabilizing winding and interj)ole 
winding, is 0.07 ohm, and the shunt field resistance is 50 ohms. The stray load loss is 150 
watts, and the total friction and windage loss is equal to the core loss. Determine: (a) 
the motor efficiency; (b) the internal jjower developed; (c) the no-load armature current. 
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Altlioiigli llio transformer is not classified as an electric machine, the 
principk^s of its opernlion are fundainentnl for the iiKhiction motor and 
syn(;lironous macliine. I^'or this reason it is trc^ated aliead of the a-c 
machines. Since a-c ek'ctric machines are normally built, for low fre- 
(piencjes only the k)w-fr*c‘(|U(a)cy power transformer will be ('onsidered 
in this t(^xt. For transformers operating at higher frecjuencies, such as 
tliose used in transformer-coupled audio amplifiers, and as impedance 
matcliing devices in communication circuits, see tlie listed references. 

11-1. Transformer types. Tlie construction of sin^le-])hase transformers 
may lie divided into three' main tyi)es: core !(/])(% .s7a7/ ////ic, and spiral- 
core type. In all type's the e*oi*e is constructed of transfexrmer sheet steel 



FuJ, n-la. Coils 
niul laniitiiitions of :i 
I'oriM ypo t raiisfornuT. 



l'n;. 11-lb. Ilijih- atul lo\v-voltai;o coil group¬ 
ing of a con‘-tyj)e trailsfoniitT. 


assembleel to proviele a continueHis mag;netic circuit with a minimum of 
air-gap inclueieel. The steel useel is of high silicon content, sometimes 
heat-treated to produce a high permeability and a low core loss at the 
(operating flux density. 
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In core- and shell-type transformers tlie individual laminations are 
L or E shaped. The laminations are varnislied or coated to insulate them 
from each other and thereby reduce the circulating currents. Fig. ll-la 
shows the general assembly of laminations and coils of the core-type 
transformer. Fig. 11-lb shows the manner in which high- and low- 



Fjd. 11 -2 ;l Coils niid Inini- 
natioiLS (.)f a .slicll-tyix! li*aiis- 
fornior. 



Fi(^. 11*21). Ilijili- and low-voltcoil group- 
ifig of a sh(‘ll-l ypo traiisforiner. 


voltage coils are grouped t ogelltc'r on t lie legs of a core-t ype transformer, 
bigs. ll-2a and 11-21) show tJie general arrangement of (‘oils and lamina¬ 
tions in the sliell-type transformer. The sh(*ll-type transformer may have 
a simple form of (*ore sucli as in Fig. 11-2a oj* a distriliuted form 




Fi(J. 11-3. Core const ruction of a distribut ed shell-type transformer. 

(cruciform). In the shell-type transformer the magnetic circuit encloses 
the windings. Figs. ll-3a and ll-3b show the core of the distributed 
shell-type transformer; Fig. 11-4 is a view of such a transformer showing 
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Higii«volU«i l0«dt 


Distributed thell 
form of magnetic 
circuit 


Barrier between cotia 
and iron 


High-voltage wind¬ 
ing of paper-covered 
enameled copper wire 


Layer material of Mi- 
carta paper crimped 
at ends 


Pullcrboard channels 
between coils and iron 



Low-voltage leads 


Barrier bst w oen hi^h 
and low^ltage ooila 


Pullcrboard collars to 
provide creepage dis¬ 
tance and give me¬ 
chanical strength 


Pullcrboard washers 


Pullcrboard insula¬ 
tion between coil sec¬ 
tions 


Low-voltage winding 
of copper ribbon in¬ 
sulated with paper 
and cambric covering 


Eio. 11-4. Distributed shell-type (cruciform) transformer showing core, coils, cooling ducts. 

and insulation. 
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laminations, coils, insulation, cooling ducts, and high- and low-voltage 
leads. 

The choice of core- or shell-tj^pe construction is usually one of cost, 
for similar characteristics can be obtained with both types. For high- 
voltage transformers or for multi-winding design some manufacturers 
prefer the shell-type construction. Usually in this type the iron path is 
shorter and the mean length of coil turn is longer than in a comparable 
core-type design. Both core and shell forms are used, and selection is 
based upon many factors such as voltage rating, kva rating, weight, 
insulation stress, mechanical sti*ess, and heat distribution. 

The spiral core transformer shown in Fig. 11-5 is the newest develop¬ 
ment in core construction. The core is assembled either of a continuous 
strip of transformer steel wound in the form of a circular or elliptical 
(ylinder, or of a group of short strips assembled to produce the same 
elliptical-shaped core. By using this construction the core flux always 
follows along the grain of the iron. Cold-rolled steel of high silicon 
content enables the designer to use higher operating flux densities with 
lower loss per pound. The higher flux density reduces the weight per kva. 

11 -2. Windings. The coils used in transformers are form wound and are 
of the cylindrical or disc type. The general form for these types may be 
circular, oval, rectangular, et c. Fig. ll-() shows a rnulti-coil rectangular 



Fkj. 11-0. Cylindrical or helical type of form wound coil (multi-coil-windiiiK). 

cy lindrical type winding, and Fig. 11-7 shows the manner in which a 
large round cylindrical coil is wound. The circular cylindrical coil has 
greater mechanical strength and is employed in most core-type power 
transformers. Cylindrical coils are wound in helical layers with tho 
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layeis insulated from each other by paper, eloth, miearta board, or cooling 
oil duels Figs 11-la and 11-lb show the general arrangement of these 
coils with rcspeit to the (oie. Insulating (\hnders of fuller board sepaiate 
the cylindrual windings from the (oie and from each other Since the 
low-voltagc winding is the easiest to insulate, it is pi ued nearest the core. 





Fio 11-8 Disc or pancake coil 
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Disc coils, such as that shown in Fig. 11-8, may be of one turn per 
layer or many turns per layer. Multi-layer discs have the separate layers 
insulated from each other by paper. A complete winding consists of 
stacked discs with insulation .spaces l)etween the coils as shown in 
Fig. 11-9; the spaces form horizontal cooling and insulating oil ducts. 



Fio. 11-11. Thrcc-iiliJise 9000-l\va, f>7,500 0,000-volt water-cooled transforiner 
with coiuscrvator tank. 

The low- and high-voltage windings are subdivided into a number of 
discs and stacked alternately, with the end discs being a part of the low- 
voltage winding. The leakage reactance is reduced if the end discs contain 
one half as many turns as the remaining low-voltage discs. 

Cores and coils must be provided with mechanical bracing to prevent 
movement and possible insulation damage. Good bracing also reduces 
vibration and noise during operation. 

11-3. Cooling. Transformers may be air-cooled, oil-cooled, or water- 
cooled. Whatever the method of cooling, the essential problem is that of 
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the heat transfer from the iron and copper of the transformer to the 
cooling medium (see Art. 10-2). This heat transfer is accomplished by 
natural oil or air convection, forced oil or air convection, oil-to-air heat 
transfer or oil-to-water heat transfer. The tanks may be smooth-sided or 
corrugated to increa.se the radiating .surface area. Fig. 11-10 shows the 
use of cooling fans with external radiators. Fig. 11-11 shows a water- 
cooled transformer with an oil conservator tank. The conservator tank 
serves as an oil reservoir and also limits the surface area of oil exposed to 
air, thus reducing the formation of sludge within the oil: with the con¬ 
servator tank, the main tank can be completely filled with oil. Although 
the oil is used as a cooling medium, it is also employed for its insulating 
qualities and must be dirt and moisture free. Non-inflammable liquids 
sold under trade names of Pyranol, Inertol, etc. have been developed to 
remove the hazard of fire associated with oil. 
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THE TRANSFORMER AT NO-LOAD 


The single-phase transformer (l(\seril)e(l in the following paragraphs 
eonsists of two el(M*trie circuits and one magnetic circuit. Therefore its 
study must be based on Kirchlioff’s mesh law for* tlie electric circuits 
arid on the circuital law of the magnetic field (Ampei’eAs law) for the 
magnetic circuit. 

Once Kirchhoff’s iiK'sh equations for tlie electric circuits and the 
rf^lations following from Ampere’s law are established, the phasor diagram 
and the e(iuivalent circuit of the ti-ansformer can be readily determined. 

However, a preliminary study is necessary 
in oixler to set up the basic r-elations of the 
electric and magnetic circuits. 

The transformer will be considered first 
at no-load, then under load. 


12-1. The transformer primary. Fig. 12-1 
shows an iron core assembled of laminations; 
two coils are wound on the legs. Coil II, the 
secondary winding, will be considered open 
in this article. If an alternating voltage is im¬ 
pressed upon tlie primary winding, coil I, an 
alter-nating current will flow in it, and 
this curr-ent will produce an alternating 
magnetic flux. 

The curr'ont /o, the no4oad currenfj will lag behind the impressed 
voltage Vi by an angle which is about 90®. The active component of 
/(), i.e., /() cos sui)plies the hysteresis and eddy current losses (Ph-^e) 
in the cor’e iron and the small amount of copper losses in the primary 
winding. The reactive component of /(>, i.e., /,) sin v^o, which is much larger 
than the active component /o cos i^^^ necessary to sustain the alternating 
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flux. This reactive current Iq sin tpo is small in comparison with the rated 
primary current of the transformer, because the magnetic circuit of the 
transformer consists almost entirely of iron (the air gaps at the joints 
amount to onl}’ about 0.0010 to 0.0015 in.). Such a magnetic circuit has 
a small reluctance and requires a low magnetizing current in order to 
produce the flux. 

The flux alternates at the same frequency as the current and induces 
an emf of self-induction in the primary winding, coil I. It is expedient 
to divide this emf of self-induction int^ parts corresponding to the two 

different parts of the flux. By far the greatest part of the flux lines produced 
by coil I (part 4>) is in the iron. Another part (4>z) of tlie flux, small in 
comparison to that in the iron, exists in parallel paths through the air as 
indicated in Fig. 12-1. The part of the flux in the air is directly pro¬ 
portional to the current (see Art. 1-lb) l)ocausc the path for these lines 
consists essentiall}^ of air, for which the permeability is a constant (/z = 1); 
on the other liand, tlie relations!lip existing l)etween tlie current and the 
flux «J> in the iron is given by the magnetization cur\'e for the particular 
kind of laminations used, which has a non-linear character. As has been 
explained previously (Art. 1-lb), the coeffleient of selMnductance is not 
a constant for the flux in tlie iron. 

The flux in the air is referred to as the leakage flux (^L/) and that in the 
iron as the main flux It is only the main flux which links with the turns 
of secondary coil II. 

Dividing the emf of self-induction into two components, the component 
due to the leakage flux is —jcoLiI (Eq. l-19a); the component due to the 
main flux will be denoted by E. Thus KirchholT’s mesh law for the 
primary circuit is 

Vi + El — jfojL/jIi = Iiri (12-1) 

where Ln is the coefficient of self-inductance of the primary leakage flux 
and ri is the ohmic resistance of the primary winding. The subscript 1 
indicates the primary circuit. Since no load is considered, /i = /q. Intro¬ 
ducing the primary leakage reactance Xi, 

ojL/i = Xi (12-2) 

Eq. 12-1 becomes 

Vi + El - jliXi = Iiri (12-3) 

or 

Vi = -El +jIiXi + Iifi (12-3a) 

In the latter form —Ei is the component of the primary voltage necessary 
to overcome the emf induced in the winding by the main flux; +jIiXi is 
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the component of the primary voltage necessary to overcome the emf 
induced by the primary leakage flux; and I\ri is the component of the 
primary voltage necessary to drive the current h through the resistance rj. 

Eq. 12“3a also can be interpreted in the following way: the voltage 
impressed on the primary winding I is balanced by the negative value of 

the emf induced in it by the main flux, 
and by the voltage drops due to the leakage 
reactance and the resistance. 

It will be seen later (Chapter 13) that only 
the main flux 4> is useful in transferring power 
from the primary to the secondary winding, 
while the leakage flux does not contribute to 
the power transfer. Likewise, only the emf Ei 
is useful and not the emf produced by the 
leakage flux. 

The phasor diagram of the voltages cor¬ 
responding to Eq. 12-3a is shown in Fig. 12-2. 

The emf Ei induced in coil I by the main 
flux <l> lags this flux by 90°. To produce the 
flux <J> a current component in phase with 
i.e., a current component leading Ei by 90°, is 
required. Anotlier (mr rent component, in phase with —E'l, is required to 
supply the hysteresis and eddy current losses due to the main flux. The 
first current component, designated by 7^, is the reactive component of 
the magnetizing current ; tlie second current component, designated by 
Ih^e, is the active component of the magnetizing current Im- Thus 

(12-4) 

The active component of the no-load current 7o, namely, Iq cos cq, is 
larger than by a small amount corresponding to the copper loss 
/o^i in the primary winding. However, the copper loss at no-load is 
negligible in comparison with the hysteresis and eddy current losses in 
the core iron and, therefore, with a very close approximation 

7o - (12-5) 

If the reactive component 7,^ of the magnetizing current is drawn along 
the horizontal (Fig. 12-2) and is directed to the right, the flux <l> is in 
phase with 7^; the emf Et lags by 90° and is therefore directed down¬ 
ward; and conseciuently tlie voltage component necessary to overcome 
El (= --El) leads the flux and the current 7^ by 90° and is directed 
upward. The leakage reactance drop IqXi, i.e., the component of the 



Fio. 12-2. No-lojul jjhasor diu- 
gruni. 
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terminal voltage necessary to overcome the emf due to the leakage flux, 
is perpendicular to 7o and leads Iq by 90°, and the component to over¬ 
come the ohmic resistance drop IqTi is in phase with the curient. The 
geometric sum of the tlwee voltages, —E^, /oXi, and /(,ri, is the primary 
applied voltage Fi. The phase displacement angle between the current /o 
and the terminal voltage V\ is nearly 90°; /o is almost a pure reactive 
current with respect to Fj. It should be realized that the values of I^^Ti 
and /oXi are in reality very much smaller in proportion to —Ei and F, 
than those shown in Fig. 12-2. 

12-2. The emf induced by the main flux at no-load (Fi). It follows from 
the phasor diagram (Fig. 12-2) that the main flux is produced by the 
current Corresponding to Eq. 1-13 

( 12 - 0 ) 

where L„, is the coefficient of sctf-indiictanee for the main flux. SincT the 
path of the main flux lies in iron, L,„ is not a constant Init depends upon 
the magnitude of I^, as lias been explained in .4rt. 1-1 and Art. 12-1. 
It follows from Eqs. 1-10 and 12-0 that 

10“** 

El = -jcoNi^—^ = = -j^mh ( 1 ^- 7 ) 

V2 

Tliis expression for the emf induced by the main flux Ei is in accordance 
with tlie expression for emf induced by the leakage flux, —jc^Lulo — 
with the difference that the magnitude of just as tJie magni¬ 
tude of L,„, depends upon the saturation of the iron. Xm is called the main 
flux reactance, 

h]qs. r2-(3 and 12-7 characterize the magnetic circuit of the transformer. 
rA\. 12-() can be derived from the circuital law of the magnetic field 
(Ampere’s law), as shown in App. 1. 

Ill order to get the relation l:)etween Ei and the magnetizing current 
= !</» + Ia+c (Fig. 12-2), Eq. 12-7 is written as 

Further, from Fig. 12-2, 

I/i-f-c = “^2^1 

SO that 

l/n 1^ “b E, (^2 J^^l) 

The quantity in parentheses is an admittance. It is called the main flax 
admittance and will be denoted by Ym, Instead of ci and the symbols 
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(frti and hjn will he used; thus 

I,,, = = -^i{gm-jhm) (12-8) 

is the main flux conductance; h,,, is the main flux susceptance. Writing 




—• IwZ,, 


lm(^m "h j^m) 


(12-9) 


Vfn takes into account the iron losses produced by the main flux and Xm 
is the same as in Juj. 12-7; neglecting the iron losses (r^ = 0, Ih-\-e == 0, 
fm = /./>), Kq- 12- 9 becomes identical with Eq. 12-7. Zm is the main flux 
impedance. Since = 1/Y„i 


r m 


On 


<Jyn + 




dn? + i>„ 


( 12 - 10 ) 


12-3. The transformer secondary. Consider coil II, the secondary wind¬ 
ing, witli (he winding open (no-load) just as in the foregoing discussion. 
The lines of force; of (lie al((;rnating main flux '(> go through the iron, 
link (his secondary winding, and induce an etnf E 2 in it. Since the main 
flux and i(s fnvpu'ncy are (lu* .same for both primary and .secondary wind¬ 
ings, (he enif’s induced in (he two windings are respectively proportional 
to their numbers of turns A'l and N-,'. 


According to Eq. 1-11, 

El 


Ei^I^ 
E2 N2 


= 4.44 volt 


( 12 - 11 ) 


( 12 - 12 ) 


E-> = 4.44 A' 2 /< 1 ' 10 -'* volt (12-13) 


'riie ratio A’l/.Vo is called (he ratio of transformation. Since the no-load 
current /(, is small, (he resis(ance drop as well as the leakage reactance 
drop is small at no-load, and Pf is almost erpial (o the terminal voltage 
I’l. Accordingly, the ratio of transformation is often given with sufficient 
accuracy by the ratio of terminal voltages at no-load: 


= 

A2 E2 V2 


(12-14) 


PROBLEMS 

1 . A tnin.^forincr liaviiis ‘ISO primary turns aiui 120 sf'coiuliiry turns takes a power 
input of SO watts and a eurrent of K40 amp when the primary is connected to a 120- 
volt, 60-cycle line and the secondary is on o]kui circuit. The primary resistance is 
0.25 ohm. Determine the iron loss in watts, the no-load power factor, and the maxiniuin 
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core flux assuming the resistance and reactance drops as negligible. Draw the phasor 
diagram. 

2. A 5-kva, 110/220-volt, 60-cycle transformer has 120 turns on the primary wind¬ 
ing, and a core having a cross-section of 4.70 sq in. and a mean length of 31 in. Using tlie 
curves for transformer steel given in the Appendix, determine the effective value of tlie 
magnetizing current and the maximum value of the flux density. 

3. If the flux density in a given 2300/230-volt, 60-cycle transformer is not to exceed 
60,000 lines per sq in., determine the number of primary turns when the core cross- 
section is 26.5 sq in. 

4 . A 7.5-kva, 1100/110-volt, 60-cycle transformer is connected across an 1100-volt 
line with the secondary open. The power input is 120 watts and the no-load current /o 
is 0.40 amp. N\ = 800 turns, N 2 = 80 turns, ri — 4 ohms and r-z = 0.04 ohm. 

(a) If the primary leakage reactance drop is neglected, what is the magnitude of tlic 
primary and secondary induced voltages? (b) Draw the phasor diagram to scale, 
(c) What is the maximum value of core flux? 

5. If, in Problem 4, the primary leakage flux at no-load is 0.15% of the total flux 
calculated in part (c), determine the primary and secondary induced voltages. Draw 
the phasor diagram to scale. 

6. A 50-kva, 2300;230-volt, 60-cycle transformer takes 200 watts and 0.30 amp at 
no-load when 2300 volts is applied to the high-voltage side. The primary resistance is 
3.5 ohms. Neglecting the leakage reactance drop determine: (a) no-load power fju'tor; 

(b) primary induced voltage Ei; (c) /;*+<,; (d) Draw the phasor diagram to scale. 

7. A 1000-kva, 25-cy(;le, 27,000/2200-volt transformer is designed to opciratc at a 
maximum flux density of 75,000 lines per sq in. and an induced voltage of 20 volts jxu’ 
turn. Determine the primary turns Ai, secondary turns Nz, and tlio cross-section area 
of the core in square inches. 

8. Repeat Problem 7 for a 25-cycle, 66,000/1100-volt transformer. 

9. The core of a 500-kva transformer has a mean Icngtli of 66 in. and a cross-section 
of 260 sq in. The primary consists of four identical coils. 

(a) If 15,000 volts at 60 cycles is impressed across the four primary coils in scries, 
and the maximum flux density is to be 75,000 lines per sq in., determine /,/>, /o and 
the no-load power factor. Use the curves for transformer steel given in th(‘ Appendix. 

10. Repeat Problem 9 if 7500 volts at 60 cycles is impressed aeu’oss two coils con¬ 
nected in series. 

11. Repeat Problem 9 if 3750 volts at 60 cycles is impressed across the four coils in 
parallel. 
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13-1. The behavior of the transformer primary under load. Consider the 
transformer to be loaded, for example, with a resistor placed across the 
secondary winding. Since an induced emf {E 2 ) exists at the terminals of 
the secondary winding, a current 1 2 will flow through the load resistance 
and the secondary winding. When the transformer losses (copper losses 
in botli windings and hysteresis and eddy-current losses in the core iron) 
are disregarded, then, according to the law of conservation of energy, the 
I)ower taken by the primary winding from the lines is equal to the power 
delivered to the external circuit placed across tlic secondary winding: 
i.e., if the secondary is loaded, the current taken l)y the primary winding 
from the lines must increase or decrease as the secondary load current is 
increased or decreased. The transfer of power from the primary to the 
secondary is accomplislied by means of tlie main flux 4>. The main flux 
is an indispensable element in the transformer as well as in all electric 
machines. 

As a result of the increase in the primary current due to the load, the 
three components of voltage which balance tlie primary terminal voltage 
(Eq. 12-3a) also change: the resistance drop and the leakage reactance 
drop are greater, and therefore the voltage Ei induced by the main flux 4> 
is correspondingly smaller. However (in ordinary power transformers) 
the resistance and leakage reactance drops are usually small in comparison 
to the emf Ex even at rated load, so that Ex has approximately the same 
value for the loaded as well as the unloaded transformer; since the main 
flux <I> is determined by Ex (see Eq. 12-12), this means that the main 
flux 4> varies only slightly between no-load and full-load. Therefore, 
practically the same magnetomotive force (/^A^i, see Fig. 12-2) and the 
same magnetizing mmf are necessary in the primary to produce 

the main flux 4» under conditions of load and no-load. The main flux ^ is 
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largest at no-load and smallest under short-circuit conditions (see 
Art. 17-2). 

WTien the secondary is loaded, two mmf’s act on the trajisformer, the 
mmf of the primary winding and the mmf of the secondary winding; the 
magnitude of the main flux is determined by the resultant of these two 
mmf’s. As explained, this mmf changes little between no-load and full- 
load. Fig. 13-1 shows the mmf diagram of a 
loaded transformer in which, corresponding to a 
resistive load, the secondary current 1 2 lags 
the emf E 2 induced in the secondary windmg by 
the main flux. E 2 as well as Ei lags behind the 
flux by 90°. The geometric sum of the primary 
mmf IiN'i and the secondary mmf I 2 N 2 yields 
the resultant magnetizing mmf which is 

necessary to produce the main flux 'h. 

Since the reluctance of the magnetic circuit of 
the transformer is comparatively low, the magne¬ 
tizing nunf is only about 5 to 10% of the primary 
mmf under conditions of rated load; this is the same as saying that the 
magnetizing current is about 5 to 10% of the rated line (uirrent. There¬ 
fore, it can be approximated that hNi « I 2 N 2 , or 



Fm. 13-1. Mmf diaRram 
under load. 


h N, ^ Er 

h ~ 'N2 El 


(13-1) 


The currents in the two windings, t herefore, are approximately inversely 
proportional to the induced ernf’s. This is in conformitj' with the law of 
conservation of energy (disregarding losses), for according to this law 
Fi/i cos tpi = V 2 I 2 cos <p 2 - It will lie seen from tlie following text that 
cos <pi « cos V 2 for the fully loaded transformer. 


13-2. Reduction of the secondary current, voltage, and parameters to 
the primary. The mmf diagram of Fig. 13-1, the phasor diagram of the 
loaded transformer, and its equivalent circuit become simpler if the 
as.sumption is made that the secondary winding has the same number of 
turns as the ■primary winding, i.e., that N 2 = Such an assumption 
will be permissible if care is taken that the secondary quantities, with 
El turns, are such that: 

1. The mmf of the secondary winding retains its original value, i.e., 
that the resultant mmf and the main flux $ remain unchanged, 

2. The kva of the secondary retain the original value. 
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3. The PR loss of the secondary retains its original value, 

4. The magnetic energy of the secondary leakage flux 

which appears when the secondary carries current retains its 
original value. 


The secondary (juantitles cxpres.scd in Ni turns are designated as 
referred to the primary. They will be indicated by a prime. 

The first condition means that the .secondary current referred to the 
primary {1 2 ) must be such that 

l./h\ = hN2 (13-2) 

or 

!</ ==1-2 — (13-2a) 

Ni a 


Tlie second (‘ondition reciuires tiiat 


or 


i’/// = E2I2 = E./I 2 — 

Ai 


E/ = E.2^ = E^d = E, 

^ » 2 


(13-3) 


This means that the secondary and primary emf's induced by the main 
flux are e(imil. This corresponds to the assumption that the number of 
turns of th(‘ s(‘condary vvindinj? is ecjual to tliat of the primary winding. 
The third condition means t hat 

Inserting the value of I 2 from Eq. 13-2 

Ti = r-i = 0^2 (13-4) 


The fourth condition requires that 


1 / _ 17 2 « 

2^2 - Cm — 2^2 ^2 


wluTO Xo is tlie aetual leakage reactance of the secondar 3 \ Inserting the 
value of /o' from Ecj. 13-2 


/ 

Xj 



(13-5) 


Thu.-^, calculating with the referred (luantities E/, I 2 ', r-i and instead 
of the actual iiuantilies £,\., In, r-,, and X 2 does not change anything in 
the magnetic and electric behavior of the transformer. 
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It follows from Eqs. 13-2 to 13-5 that the redvietioii factors to the 
primary are: N 1 /N 2 = a for voltage, A^ 2 /-Vi = 1/^^ for current, and 
(.Vi/A" 2 )" = o? for resistance and reactance. 

13-3. Elirchhoff’s mesh law for the secondary. Kirchhoff’s mesh law for 
the primary is given Eq. 12-3 or 12-3a. Kirclihoff’s mesh eciiiation for 
the secondary is 

E 2 = 12(^2 + ^^ 2 ) + ^2{R2 + JA 2 ) = 12(^2 4" ^*^’ 2 ) + V 2 (13-()) 

where R 2 and Xo are the load resistance and reactance respectively and 
V 2 is the voltage at the load terminals. Witli all quantities referred to 
the primary, Eq. 13-6 becomes 

E2' = El = I 2 '(r 2 ' +3x2^) + l 2 '(/ 4 ' +3X2^) 

= l2'(r2'+jV) +V 2 ' (13-7) 

13-4. The emf Ei == E 2 induced by the main flux under load. According 
to Ejq. 13-2, l 2 i\\ = 12 X 2 - I 2 ' is, therefore, a current wliicli, flowing in 
the Ni turns of the primary winding, will pinduce the same mmf as the 
current I 2 produces flowing in Xo turns of tlie s(^condary winding, liy 
using I 2 ' it is possil)le to replace the nimf diagram undia* load, shown in 
Fig. 13-1, with a current diagram, because' the secondary and primary 
iniiiFs have the same number of turns. It follows from Fig. 13-1 

hXi + l2A\> = I..A^ (13-8) 

Introducing 72^Vi for / 2 A 2 , 

IiAi + lo'^Vi = (Ii + L/)Ah = l.X, (13-8a) 

or 

Ii + I 2 ' = I.. (13-9) 

At no-load the core is magnetized by the mmf I„jXi with ~ /o = 
^1 (no-load)- At load the core is magnetized by (Ii + I 2 ')A^. At no-load the 
reactive component of produces the main flux and the active 

component of Im{lh+e) supplies the iron losses due to the main flux. 
At load the reactive component of (Ii + I 2 O produces the main flux 
and the active component of (Ii + I 2 ') supplies the iron losses. There¬ 
fore Eqs. 12-6, 12-7, and 12-8 apply also to the loaded transforniei*, if 
(Ii + I 2 O is substituted for I my i.e., for load, 

Ii + I 2 ' = ~EiY„, = -E 2 X 


or 


-El = -E 2 ' = (Ii + l2')Z.„ 


(13-10) 

(13-lOa) 
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and Zm are given by Eqs. 12-8 and 12-9. The relations between 
b„, r„, and x™ arc given by Eq. 12-10. 

E(l. 13-8 has Ijeen derived from Fig. 13-1 which refers to a resistive 
load. This e<iualion and the following equations derived from it apply to 
any kind of load. 

(Since Kirclilioff’s mesh equations of both electric circuits (Eqs. 12-3a 
and 13-7) and the equation which characterizes the magnetic circuit 
(Eq. 13-10) are now established, the phas(rr diagram of the transformer 
under load can be drawn and its equivalerd circuit determined. 
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THE PHASOR DIAGRAM AND EQUIVALENT 
CIRCUIT OF THE TRANSFORMER UNDER LOAD 


14-1. The phasor diagram of the transformer imder load. In the pliasor 
diagram, E 2 ' and Ei arc in pliase since both emf’s are intiuced l)y the 
same flux "i*. The phase displacement between the secondary terminal 
voltage V 2 and the secondary current I 2 is determined entirely by the 
character of the external load circuit. The component of the secondary 
emf E 2 ' nece.ssary to overcome the secondary leakage reactance drop 
12 X 2 leads the current I 2 by 90°. The ohmic 
voltage drop I 2 T 2 is in phase with I 2 '■ Accord¬ 
ing to Eq. 13-7, the geometric siun of / 2 V 2 ', 
l 2 'x 2 ', and V 2 must yield E 2 — Ei. 

Fig. 14-1 shows the phasor diagram of the 
transformer loaded willi a pure resistance. The 
phasors 7^, 7„„ 4’, and Ei are drawn as for 

the unloaded transformer (see Fig. 12-2). E 2 ' is 
equal to and in phase with Ei- Since the load is 
purely resistive, the secondary current I 2 ' and 
t he terminal voltage V 2 are in phase, so tlmt V 2 
and I 2 are drawn in the same direction. The 
emf E 2 induced in the secondary by the main 
flux is obtained by adding to F 2 ^ the quantities 
/2 V 2 ' in phase with I 2 ' and l 2 'x 2 ' perpendicular 
to I 2 ' and leading it by 90°. 

From Eq. 13-9 

II = In. + (-I 2 ') (14-1) 

Thus, in the phasor diagram of Fig. 14-1, the current 1\ is obtained by 
a ddin g —I 2 to The phasor —Ex, which is the component of the 
primary voltage necessary to overcome the emf induced in it by the main 

141 



Fig. 14-1. Voltage and 
(minf) current diagram of the 
transformer loaded with a 
pure resistance. 
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flux, is drawn upward and 90° ahead of 4>. Adding to —Ex the primary re¬ 
sistance drop IxTx in phase with Ix and the leakage reactance drop IxXx per- 
pcaidicular to h and leading it by 90°, the primary voltage Vi is obtained. 

iPx is the phase-displacement angle of the primary, i.e., the angle 
between primary terminal voltage and current. Despite the in-phase 


condition of voltage and current at 
the secondary terminals, the mag¬ 
netizing (jurrent and the leakage of 
l)oth windings cause a slight phase 
displacement between the primary 
t(;rminal voltage and current. 

Fig. 14-2 shows the voltage and 
current (mmf) diagram for a trans¬ 
former with an inductive load, i.e., 
the secondary current lags the sec¬ 
ondary terminal voltage V 2 by an 
angle the secondary phase dis- 




Fuj. 11-2. Voltage and Fig. 14-3. Voltage and (mmf) current dia- 

(mmf) current diagram of the gram of the transformer loaded with a capaci- 

traiKsformt'r loadi'd with an in- tive load, 

ductive load. 


placement angle; v*i increases with increased inductive load, i.e., with 
increased angle For a capacitive load the situation may be reversed 
partly, as shown in Fig. 14-3. 


14-2. The equivalent circuit of the transformer. From the phasor dia¬ 
grams shown l)y Figs. 14-1 to 14-3 it may be observed that the applica- 
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tion of the voltage Vi to the primary of the transformer results in a 
primary current Ii lagging behind or leading Vi by an angle <pi- The 
angle </>i depends upon the load as well as upon the internal action within 
the transformer. As far as the source of power is concerned, the trans¬ 
former and load appear as an equivalent impedance of such value that it 
takes the current h at the angle <pi. The character or make-up of this 
equivalent impedance may be obtained from KirchhofT’s mesh equations 
for the two electric circuits (Eqs. 12-3a and 13-7) and from Eq. 13-10 
or 13-lOa which characterize the magnetic circuit (see Art. 12-2). These 
equations are: 

V, = -E, -f I.(r,-t-ix,) (14-2) 

E 2 ' = E, = I/(r/ -f jx 2 ') + l/iR-/ + 3 X 2 ') (14-3) 

I, -1- I 2 ' = I„. = -E,Y,„ = -E2'Y„, (14-4) 


These are three equations with three unknown quantities {Ei, Ii, and 
1 2 '). The solution for 7i by eliminating Ei and 1 2 ' will yield the equivalent 
impedance, i.e., the equivalent circuit. Introducing the al)breviations 

rt + jxi = Zi (14-5) 

(r^' -b RV) + j(x/ -b X 2 ') = Z 2 ' (14-15) 

Eqs. 14-2 to 14-6 yield 

El = 12%' = (I,„ - IJZa' = -EiY^Z^' - I.Z^' 


Eld 


Therefore, 


Vi 


-b Y„Z 2 ') = -W or El = - 


I, 


7 + Y„ 


Z, 


IiZi -b 


II 


+ Y„ 


Ii 


Zi -b 


-7 +Y„ 


(14-7) 


(14-8) 


Eq. 14-8 gives the relation tetween the primary applied voltage, 
primary current, and the parameters of the transformer and the load. The 
quantity in the brackets is the total impedance, looking into the primary 
terminals. It includes the primary and secondary impedance of the trans¬ 
former, the load impedance, and the main flux admittance F^. 

Eq. 14-8 is the equation which applies to a circuit such as that repre¬ 
sented in Fig. 14-4. This circuit is the equivalent circuit of the transformer 
and load. In this circuit, as Eq. 14-8 shows, the secondary impedance 
Z 2 ' is in parallel with the main flux admittance Y^, giving a resultant 
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admittance + I/Z 2 'or a resultant impedance !/(¥„ + 1/Z20- Break¬ 
ing up Zi and into tlieir components according to Eqs. 14-5 and 

14-6 and introducing from Eq. 12^ 

Y„ = gm — jbm (14-9) 

Zm = “ = (r„ +jXm) (14-10) 

Fia. 14-4. riquivalont, circuit. 
of th(i transformer. 

the circuit of Fig. lA-A becomes that shown 
in Figs. 14-“”/) and 14-l> wliicli is more commonly known as the equivalent 
circuit of th(‘ transformer. 




Fuj. 14-5. Equivalent, circuit of the transformer. 


It has l)cen pointed out in Art. 12-2 that the magnitude of Xm(hm) 
depends upon the saturation of the iron which is dependent upon the 



Fui. 14-G. E(|uivalent circuit of the tnuisformer. 


magnitude of the main flux <F. Since the main flux of the transformer 
remains almost constant between no-load and full-load (Art. 13-1), 
Xm(bm) ean be considered as a constant. 
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It will be shown in Chapter 17 how the parameters ri, Xi, r 2 ', X 2 ', 
Tm and Xm (or and bm) can be determined from no-load and short- 
circuit tests. 

Having an equivalent circuit is of great assistance in making per¬ 
formance calculations of the transformer such as current, power factoi*, 
power, etc., especially when a calculating board is used on which the 
equivalent circuit can be set up. 

Example. The parameters of the equivalent circuit of a 100-kva, 2200/220-v()lt, 
G0-c>’cle transformer are given at 75°C as follows: 

ri = 0.286 ohm r/ = 0.319 ohm 

Xi = 0.73 ohm X 2 — 0.73 ohm 

Tm = 302 ohms 
Xm = 1222 ohms 


It will be shown in Arts. 17-1 and 17-2 how the above parameters have becai deter¬ 
mined from no-load and short-circuit tests. If the load impedance on the low-voltage 
side of the transformer is = 0.387 + j0.290 ohm, solve the equivalent circuit when 
the voltage V 1 is 2300 volts. 


2200 

220 


10 


Zi' = Rl' +jXi' = aHRi. +jX,.) = 38.7 +^29.0 = 48.4/39.8 


From Eq. 14-6 

Z-/ = (0.319 + 38.7) +j(0TS + j29.0) = 39.02 + y29.73 = 49.0 /37.3 
Z„ = 302 + jl222 = 1258 /76.1 

Y„ = — = 0.795 X 10-//-76.1 
Zm ‘ 


From Eq. 14-8 


I. = 


V, 


2300/0 


Z,+ 


li2 


0.286 + jO.73 H- - 

- \ -h 0.795 X lO-V-76.1 

49.0 /37.3 ^ - 


_ 2300/0 ^ 
48.2 /39.2 

- '■ X 

= 46.2 /-40.5 
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Input power factor 
Power input 
Power output 
Priniary copper losses 
Secondary copper losses 
Core losses 

rj efficiency 

Voltage across load 

Regulation 


cos 39.2® - 0.775 lagging 

2300 X 47.7 X 0.775 = 85.0 kw 


(46.2)2 X 38.7 
(47.7)2 X 0.286 
(46.2)2 X 0.319 
(1.80)2 X 302 

C9 7 

— X 100 = 97.3% 

85.0 

46.2 X 48.4 = 2240 volts 
2300 - 2240 


= 82.7 kw 
= 650 watts 
= 680 watts 
= 980 watts 


2240 


X 100 = 2.68% 


PROBLEMS 

Ikpiiv.alent circuit parameters are listed below for four transformers. Assume all 
values to be corrected to 75°C. 



A 

B 

C 

D 


10 kva 

15 kva 

500 kva 

1000 kva 


240/120 

2300/230 

11,000/2300 

66,000/6600 

ohms 

60 cycles 

60 cycles 

60 cycles 

60 cycles 

r\ 

0A4 

2.5 

0.830 

22 


0.20 

10 

3.80 

105 

n 

0.03 

0.022 

0.035 

0.20 

X2 

0.048 

0.095 

0.160 

1.12 

I'm 

80 

1500 

2800 

25,000 

Xm 

250 

8850 

11,500 

165,000 

a 

2 

10 

4.78 

10 



Load Impedance (ohms) 


Rl 

1.40 

3.54 

9.5 

35 

A't 

0 

0 

5.0 

26 


1 . For transformer A, determine the primary current, primary power factor, mag- 
iK'tizing current, and efficiency. A.s.sume T'l fixed at name plate value. 

2. Repeat I’roblem 1 for transformer B. 

3. Repeat Problem 1 for transformer C. 

4 . Repeat Problem 1 for transformer D. 



Chapter 15 


THE 3-PHASE TRANSFORMER 


15-1. Advantages, disadvantages, construction. Trarisfonnation of 3- 
phase voltages may be accomplished by means of thret^ single-phase 
transformers arranged in banks so that each phase recpiires a separate 
transformer, or by means of a single 3-phase transformer unit. The first 



Fig. 15-1. Core for a 3-plKise transformer. 


method was common practice years ago, for it enabled tlie us(‘ of a 
single reserve unit of one-third the bank capacity for stand-by or emer¬ 
gency spare. Thus the replacement investment is only 33 J % of the first 
cost of the bank. However, the reliability of modern transformers is such 
that the necessity for reserve capacity is no longer a demand in many 
cases. System interconnection frequently provides all the necessary re¬ 
serve needed. Also, it is sometimes a simple matter to install small or 
medium portable substations as reserve when required, 
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Considerable advantages are to be gained from the use of a single-unit 
3-phase transformer in place of three single-phase units of the same total 
capacity. The advantages are: increased efficiency, reduced size, reduced 
weight, and less (*ost. A reduction in space is an advantage from the 
structural point of view in generating stations or substations. 

DLsadv’antagcs include the greater cost of spares where spare capacity 
is demanded, usually a greater repair cost when subject to a short-circuit 



Fio 15-2 Three-phnso, corMvpe distribution 
tr inbforiiicr, 37 5 kv*i, 2100 240 voltb, 
(oruun tod 


fault, and greater weight and 
size for reserve than a single- 
pliase unit of a bank of trans¬ 
formers. 

Fig. 15-1 shows the core of a 
large 3-phase core-t 3 T)e trans¬ 
former. A final-assembled 3- 
phase core-type unit is shown in 
Fig. 15-2 where the low-voltage 
cylindrical coils are nearest the 
core and the high-voltage coils 
are on the outside. The shell- 


Cort 


I'Tn 


17771 

c 

777:1 








UlA 

c 

Tzsr 


Tig 15-3 Shell-type con¬ 
strue tion 


typo as well as the diistributcd shell-typo core coiustruction, discussed in 
Article 11~1, may also bo used for 3-phase transformers. The shell-type 
construction is one in which the ^^indings are embedded within the iron 
core. Fig. 15-3 shows the general arrangement of coils in the shell-type 
3-phasc transformer. 

lS-2. Magnetic circuit. The throe cores of the 3-phase transformer are 
connected on both ends by common yokes. This is permissible. It should 
be remembered that the three voltages impressed upon the three primary 
windings make a symmetrical 3-phase voltage system, and this means 
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that the three fluxes due to the three voltages also make a symmetrical 
system, i.e., the three fluxes are shifted in time by 120° and 240° re¬ 
spectively. Since the sum of the instantaneous values of the three fluxes 
is therefore equal to zero at any instant of time, it follows that the three 
magnetic circuits can be connected just as the three current circuits of 
a 3-phase electric system, for instance in a star in wliich the return 
conductor can be omitted. It can be seen by examining Fig. 15-1 that 
the connection of the three magnetic circuits is that of a star. 

It is also seen from Fig. 15-1 that the magnetic path is not the same for 
all three fluxes, being longer for the outer cores than for the inner core. 
As a consequence, the magnetizing current is not the same in the three 
phases. However, since the magnetizing current is small, the 3-phase 
transformer can be considered as a symmetrical 3-phase system, i.e., 
the three phases can be treated as being equal. It then follows that the 
voltage diagrams derived in Chapters 12, 13, and 14 for the single-phase 
transformer also apply to one phase of the 3-phase transformer. The 
same is true of the equivalent circuit of the single-phase transformer. 
Also the no-load and short-circuit tests used to determine the parameters 
of the single-phase transformer (see Chapter 17) hold equally well for 
the 3-phase transformer. 

If, in general, mi is the number of primary phases and the number 
of secondary phases, then the power output of the secondary of the 
transformer is 

P 2 ~ m^ 2^2 cos tp2 (15—1) 

and the primary power input 

P\ = miViIi cos v?i (15-2) 

Vu ^ 2 , Ii, and I 2 are respectively phase voltages and currents. 



Chapter 16 


VOLTAGE REGULATION; THE KAPP DIAGRAM 


16-1. Voltage regulation: the Kapp diagram. An important factor in 
transfoi’mer operation is tlic voltage regulation. The regulation is defined 
as the cliange in secondary voltage, expressed as a percent of rated 
secondary voltage, which occurs when rated leva output (at a specified 
pow(^r factor) is reduced to zero, with the primary impressed terminal 
voltage maintained constant. The defining equation for percent regula¬ 
tion is 


t = 100 


2 no-load 


2 rated 


P2 


rated 


If the multiplying factor 100 is omitted, the regulation will be given in 
per-unit (the per-unit method of calculation is explained in detail in 
Chapter 17). If [ill vohages are referred to the primary, as in the phasor 
diagrams previously used, the regulation will be 


* = 100 ^ 

'2 rated 

Since the voltage regulation is defined in terms of full-load conditions 
and since the full-load current is large in comparison to the magnetizing 
current /„„ it fnaiuently is permissilde to neglect the effect of in 
considering the voltage regulation. This maj' not be done, how’ever, if 
calculations are made for small loads. 

If /„. is neglected, it will be observed from Eq. 12-8 that this means 
l'„, is assumed zero, or in other words that I/Z 2 ' which is prac¬ 

tically true at full-load. E(j. 14-8 then becomes 

V, = I,(Zi -fZ/) 


Zo' = r.' -b JO-/ -b R.' -b 3 X 2 ' 


Since 


( 10 - 2 ) 
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Eq. 16-2 may be written as 

Vi = + T2) + j{xi + X 2 O] + +iA’’20 

= hZe + V2' 


where 


Ze — (ri + r2^) + j(Xi + X 2 ') = + jXe 


(16~3) 


(16-4) 


Zc is the equivalent impedance of the transformer referred to the primary, 
R, is the equivalent resistance, and the equivalent leakage reactance. 
How these values may be determined x 

from a short-circuit test is explained V^; 

in Chapter 17. The phasor diagram for v? 

Eqs. 16-3 and 16-4 is shown in Fig. / j* 

16-1; it is often referred to as the Kapp * 

Transformer Diagram. In this diagram ^ '* 

the current 1/ = I\ is assumed to be \ \ 1 ^' 

the rated full-load current, and F 2 ^ = \ \ 

OA is rated secondary terminal volt- \ \ __ 

age, drawn at angle <^2 to 72 ^ as given \ 

by the load power factor. Further AB = ^ 

h'Re and BC = L/X,. Fi = DC is the \ \ 

primary-terminal voltage. If a circle \ \ 

with radius OC and center at 0 cuts \\ 

OA extended at D, then the regulation ^ ^ 

in per-unit is € = AD/V 2 • 

T , , 1 1 . 16-1. Kapp diaRram of a trans- 

In order to caleulate the per-unit former. 

regulation using this diagram, Fig. 16-1, 

it is convenient to assume that the unit voltage is equal to the rated 
secondary voltage V 2 ', i-e., V/ = OA = 1 , then AD = t. Let 


T- = AB 


/ 2 X 

BC = e,; 

r 2 


Cr and ex then are the per-unit voltage drops in the transformer. From 
Fig. 16-1, 

AH = e/ = er cos v ?2 + sin <P 2 
HC = c" = Cx cos <P 2 — Cr sin <^2 
Therefore, the primary voltage in per-unit is: 

,___ e "2 

Fi = V(1 -H e')^ + ^ (1 + e') + ^ 7 ,— -77 


2(1 + c') 






152 


D-C AND A-C MACHINES 


Observing that 2 » 2e’, this equation may be written as 

e"2 

= (1 + e') + — 


so that 





The regulation thus is 

t = e, cos <P 2 ± Ci sin (p 2 + 


(Ci cos <P 2 T Cr sin <P 2 )^ 

2 


(16-5) 


where the upper signs are used for lagging current and the lower for 
leading current. This is the AIEE Standards approximate equation for 
transformer regulation. 


TABLE 16-1. 


APPROXIMATE REGULATION FOR 60-CYCLE, 
3-PHASK, POWER TRANSFORMERS AT FULI^1X)AD 


kv 

Lagging Power 

Percent Regulation 

Factor 

1000 kva 

1 10,000 kva 

100,000 kva 

15 

80 

4.2 

3.9 



90 

3.3 

3.1 



100 

1.1 

0.7 

1 


34.5 

SO 

5.0 

4.8 



90 

4.0 

3.7 



100 

1.2 

0.8 


69 

SO 

6.1 

5.7 

5.5 


90 

4.9 

4.4 

4.2 


100 

1.4 

0.9 

0.6 

138 

SO 

7,7 

7.2 

7.0 


90 

6.2 

5.6 i 

5 4 


100 

1.8 

1.2 

1 

0.9 

230 

80 


i 

9.7 

9 4 


90 

inn 


I 7.6 

1 1 7 

7 3 

1 Q 


For a given power-factor angle ^ 2 , the voltage regulation increases 
as IiRe and IiXe increase. Moreover, the effect of the leakage reactance 
is considerably greater than that of the resistance. A low value of voltage 
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regulation requires low reactances. Furthermore, the voltage regulation 
increases with the power-factor angle. For unity- and lagging-power- 
factor loads the voltage at the terminals of the secondary increases as 
the load is decreased; for some leading-power-factor loads the voltage 
decreases as the load is decreased. The change in the displacement angle 
between the primary and secondary terminals (^i — ^ 2 ) also decreases 
as the reactance Xc is decreased. Also, in order to keep the power-factor 
angle of the primary small, the magnetizing current carried by the primary 
should be low. 

Nomographic charts hav'C been prepared to determine the regulation 
of transformers, given the per-unit resistance, per-unit reactance, and 
power-factor. 

Table 16-1* shows the typical regulation of 3-phase transformers of 
various voltage and kva rating. 

* From Wedinghouse Electrical Transmission and Distribution Reference Book, Fourth 



Chapter 17 


DETERMINATION OF PARAMETERS FROM A 
NO-LOAD AND A SHORT-CIRCUIT TEST 


It is possililo witJi a no-load test and a short-circuit test to determine 
th(‘ six parameters of the t ransformer and, from these, its regulation and 
efiiciency. 

17-1. The no-load test. In this discussion only tlie 2-winding transformer 
will he considered. Hated voltage V\ is impressed upon eitlier winding of 
the transformer, with the other winding open, and the no-load power 

r, jr, 

- -- -jr 



Pkl 17 1. Test circuit for no-load. I’lC. 17-2. Equivalent circuit 

for no-load. 


input Po find the no-load current /o are recorded. Usually, rated voltage 
is applied to the low-\()ltage winding. Fig. 17-1 shows the test circuit 
used, ri, the resistance of tlie winding excited, is measured with d-c, 
and the temperature of tlie cooling medium is recorded. 

Fig. 17-2 shows the equivalent circuit of the transformer at no-load. 
This may be easily deduced fi-om Fig. 14-4; at no-load the load imped¬ 
ance is infinite and the circuit reduces to that of Fig. 17-2. Given Vlt Po} 
/o, and fi, the parameters and may be determined. 
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The core loss Pft+e is approximately equal to the no-load loss Pq since 
the copper loss due to the no-load current, is usually small. From 
Eq. 12-3 

E2' = El = Vi - loZi 
or 

E, lox, (17-1) 

where Xi is the leakage reactance of the primary winding, the determina¬ 
tion of which is discussed in Art. 17-2 which follows.^ 

Since Ei is the voltage across the main flux impedance Zm (Fig. 17- 2), 
and Tm is small in comparison with x,,,, 



(17-2) 


The main flux resistance r,„ is given by Ecis. 14-9 and 14-10 



(17-3) 

(17-4) 


Thus both Tm and Xm can be readily determined if Xi is knowm. It should 
be noted that the parameters determined from the no-load readings are 
ill terms of the winding in which the readings were taken. 


17-2. The short-circuit test. In this test a reduced voltage is applied to 
one winding, usually the high-voltage winding, with the other winding 
solidly short-circuited. The reduced voltage frequently called the 
impedance voltage, is selected so that 
the short-circuit current I^c ’will not dam¬ 
age the windings. 

Fig. 17-3 shows the circuit employed 
for this test, and Fig. 17-4 shows the 
equivalent circuit for short-circuit con- 

ditions. Since V 2 — 0 and {T 2 “h jX 2 ) 17 _ 3 , Test circuit for short- 

is small in comparison with x^, very circuit, 

little current will flow through the mag¬ 
netizing branch. Therefore, the main flux and the iron losses are very 
small, and the power consists essentially of the copper losses in l)oth 
windings. 
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The power at short circuit is the total copper loss of the transformer. 
Because of skin-effect (see Art. 10-lb), may be greater than the ohmic 
copper losses. The skin-effect will be neglected in this chapter. 


From Fig. 17-4 



(17-5) 


Rc 



Xe = VZe^ - R,- 


(17-6) 

(17-7) 


Zey Rey and Xe are called equivalent impedancCy equivalent resistance, and 
equivalent leakage reactance respectively. It is generally assumed that 


9—vw\Arnnnnr^ 


■AW\Ar^TjnnP— I 


6- 


Xi = Xa' = Y (17-8) 

Once again it should be noted 
tliat the parameters are in terms 
of tlic winding in which the in¬ 
strument readings were taken. 

Since the equivalent resistance 
Re is the .sum of ri and ra', it fol¬ 
lows that 


r^io. 17-4. Equivalent circuit for short circuit. 


ra' — Re — Ti (17-9) 


According to AIICE Standards the resistances must be corrected to 
75°C when calculating the regulation and efficiency from the equivalent 
circuit. This will be shown in the example of Art. 17-5. 

Normally at rated current the voltage F,,, is 2 to 4% of rated voltage 
for low-voltage transformers (up to 2300 volts) and from 5 to 16% for 
high-voltage transformers (up to 275 kv). 


17-3. Transformer Efficiency. The efficiency of a transformer may be 
obtained by direct loading or by the method of losses. The method of 
losses is used exclusively in commercial work. If the no-load losses 
(Po « Ph+e) and the load losses ( ^li^Re) are known, at rated voltage and 
rated current respectively, the efficiency is 

_ output __Ib^a X 10-* X co s ^ _ 

^ output 4- losses kva X 10^ X cos,^-t- fi^Re -f Ph+e 

17-4. Per-unit calculation. When the parameters, voltage drops, losses, 
etc., of a transformer are expressed in ohms, volts, and watts, they apply 
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only to the transformer being considered. It is possible to express the 
parameters, voltage drops, etc., of the transformer so that these quanti¬ 
ties, although determined for a certain case, become general, i.e., appli¬ 
cable to a wide range of ratings, sizes, voltages, etc. For this reason certain 
mils (base values) have to be defined and the quantities mentioned 
above expressed as fractions of these units. The quantities so expressed 
are then referred to as resistances, reactances, voltage drops, etc., on a 
per-unit basis or in p-u. 

It is usual to assume the following units: 

Unit voltage = primary voltage 
Unit current = primary full-load current 

. . unit voltage primary voltage 

Unit impedance = — r -- = —:- r-tr ^—-: 

unit current primary full-Ioaa current 

Unit power = primary input 

The advantages of the per-unit calculation are shown by the following 
example; 

Consider a transformer designed for two different voltages and having 
the following data: 

(a) 500 kva, 42,000/2400 volts, 60 cycles, 

ri = 19.5 ohms, = 0.55 ohm, Xi = 39.5 ohms, = 0.120 ohm, 
a = 42,000/2400 = 17.5, = 306.3, r^' = 0.055 X 306.3 = 

16.84 ohms, X 2 ' = 0.120 X 306.3 = 36.8 ohms, and 

(b) 500 kva, 84,000/2400 volts, 60 cycles, 

ri = 78.0 rz' = 67.4 Xi — 158 Xz' = 147.2 ohms. 

If each of these transformers is treated on the p-u basis, the results will 
be: 

(a) Unit current = 500/42 = 11.91 amp; unit impedances = 42,000/ 
11.91 = 3528 ohms. 

Therefore 

n = 19.5/3528 = 0.00553 r^' = 16.84/3528 = 0.00478 

xi = 39.5/3528 = 0.0118 Xz' = 36.8/3528 = 0.01043. 

(b) Unit current = 500/84 = 5.95; unit impedance = 84,000/5.95 = 
14130 ohms. 

ri = 78/14,130 = 0.00.552 r^' = 67.4/14,130 = 0.00478 

Xi = 158/14,130 = 0.0118 Xz' = 147.2/14,130 = 0.01043. 

Both transformers have different ratings and therefore different constants 
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when expressed in ohms. However, when expressed in p-u, the parameters 
of both transformers are equal. 

Example. A 100-kva, 2200/220-volt, 60-cycle transformer is tested on open-circuit 
at no-load and short-circuit at 25‘’C and the following readings are recorded: 

Open circuit (H.V. winding open) Short circuit (L.V. winding short-circuited) 

V, = 220 volts Fk = 70 volts 

/o = 18 amp Ik = 4.5.5 amp = h rated 

Po = 980 watts Pk = 1050 watts 

The resistance of the high-voltage winding after the short-circuit test was 0.24 ohm, 
and the temperature was 25°C. a = 2200/220 = 10. 

Required: the parameters of the equivalent circuit, the regulation at full-load unity 
p.f. and 0.80 p.f. lagging, and the efliciency at unity p.f. and 0.80 p.f. lagging: 


100,000 

/i (rated) = 

2200 

= 45.5 amp 

70 

Z,(25°C) = — 

45.5 

= 1.54 ohms 

- iiS- 

= 0.507 ohm 

A', = \/(1.54)^ - (0.507)* 

= 1.46 ohms 


= 0.605 ohm 


= 0.286 ohm 

ri' = ff, - r, = 0.605 - 0.286 = 0.319 ohm 

= X‘/ 

= 0.73 ohm 

Pn trr = 980 - (1.80)2 X 0.286 

= 979 watts 

E, = 2200 - 1.80 X 0.73 

= 2200 volts 

2200 
' 1.80 

= 1222 ohms 

979 

" (2200)* 

= 0.000202 mho 

r„ = 0.000202 X (1222)* 

= 302 ohms 

Unit voltage = 220 X 10 = 

2200 volts (IV) 

Unit current = 45.5 amp 


Unit impedance = 48.4 ohm? 
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0.605 

48.4 


= 0.0125 




1.46 

48.4 


= 0.0302 


Regulation at unity p.f. (Eq. 16-5); 

Reg. = 0.0125 + 

= 0.0125 + 0.000455 = 0.0130 
Regulation at 0.80 p.f. lagging (Eq. 16-5): 

E«g. - 0.80 X 0,0120 + 0.C0 X 0.0302 + <" ™ 

= 0.0100 + 0.0181 + 0.000139 
- 0.0282 


Eflicicncy: 


Load losses (75°C) = 1050 X = 1252 watts 


231.5 -h 25 


Efficiency at rated load unity p.f.: 

100 


V = 


100 -f 0.980 -f 1.25 
Efficiency at rated load 0.80 p.f. lagging: 

100 X 0.80 


= 0.977 


TJ = 


100 X 0.80 + 0.980 + 1.25 


= 0.973 


Efficiency at I load 0.80 p.f. lagging: 


100 X I X 0.80 


100 X f X 0.80 + 0.980 X (l)^ + 1.25 


= 0.972 


PROBLEMS 

Open-circuit and short-circuit tests were taken on three single-phase transformers, 
and the following data were recorded. 



E 

F 

G 


10 kva 

90 kva 

5000 kva 


2200/110 

11,000/2200 

14,000/4000 


60 cycles 

60 cycles 

60 cycles 

Vi volts 

no 

2200 

4000 

/o amp 

0.90 

1.70 

55.3 

Po watts 

68 

1010 

28,100 

Vbc volts 

112 

550 

895 

/.c amp 

4.55 

8.18 

357 

Psc watts 

218 

995 

37,800 

ri ohms (at 25®C) 

5.70 

8.0 

0.16 
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1. Determine the six parameters of the equivalent circuit for transformer E, 

2. Repeat Problem I for transformer F. 

3. Repeat Problem 1 for transformer G. 

4. Determine the regulation and efficiency of transformer E at rated load cur¬ 
rent, unity and 0.80 lagging p.f. Determine the efficiency at J, ^ and | load unity and 
0.80 lagging p.f. 

5 . Repeat Problem 4 for transformer F, 

6. Repeat Problem 4 for transformer G, 

7 . Using the Kapp diagram, determine the regulation of transformer A, Chapter 
14 (p. 146), at unity, 0.80 lagging and 0.80 leading p.f. 

8. Repeat Problem 7 for transformer B, Chapter 14 (p. 146). 

9 . Reptiat Problem 7 for transformer C, Chapter 14 (p. 146). 

10. Rep>eat Problem 7 for transformer Z), Chapter 14 (p. 146). 

11. A 500-kva 42,000/2400-volt, 60-cycle transformer has parameters ri = 19.5, 
r 2 = 0.055, Xi = 39.5, and X 2 = 0.120. The core loss and copper loss are equal at full¬ 
load. Determine the regulation and efficiency at unity, 0.80 lagging and 0.80 leading p.f. 

12. A 500-kva, 2300/230-volt, 60-cycle transformer services both a lighting and a 
power load. The copper loss is 0.0105 p-u and the core loss 0.0102 with rated full-load 
current. The transformer is connected continuously to the supply mains. The load is 
350 kw at 0.80 p.f. lagging for 10 hr, 450 kvv at 0.95 p.f. lagging for 2 hr, and idle the 
remainder of the day. What is the all-day efficiency? 


All-day eHiciency = 


Total kw-hr output in 24 hr 
Total kw-hr input in 24 hr 


13 . Determine the all-day efficiency of a 100-kva transformer having core and copper 
losses at full-load current equal to 0.011 i)-u, and supplying the following load cycle 


kw j).f, hr 

80 0.85 5 

45 0.75 4 

100 1.0 2 

idle 13 


14 . A 75-kva 230/115-volt 60-cycle single-phase transformer was tested at no-load 
and short-circuit, and the following i>-u data were recorded: 

Pi - 1.0 Vne = 0.041 

Jo - 0.025 U =1.0 

Po = 0.01 />«. = 0.016 

Determine the regulation and efficiency at full-load, unity p.f., 0.80 p.f. lagging, and 
0.80 p.f. leading. 

What is the efticiency of this transformer at J, and ij load current, 0.80 p.f. 
lagging? 

15 . Prove by means of the calculus that maximum transformer efficiency occurs 
when copper losses are equal to core losses. 

16 . What is the primary voltage Pi required if the transformer of Problem 14 is to 
deliver 50 kva at 115 volts at 0.80 p.f. lagging? 
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TRANSFORMER POLARITY 
POLYPHASE CONNECTIONS 


18~1. Transformer polarity. Transformers, single-phase or polyphase, 
have all leads marked with a standard system of lettering designating tlie 
transformer polarity. In order to connect windings of the same transformer 
in parallel, or to interconnect two or more transformers in parallel, or 
to connect single-phase transformers for polyphase transformation of 
voltages, it is necessary to know the 
lead marking. Transformer manufac¬ 
turers usually follow a standard mark¬ 
ing scheme. 

Transformer polarity marking des- 
ignates the relative instantaneous direc¬ 
tions of current in the transformer 
leads. High-voltage leads are desig¬ 
nated with the letter //, low-voltage 
leads with X, and tertiary leads with 
F, each with a suitable subscript 1, 

2, 3, 4, etc., depending upon the num¬ 
ber of leads. Fig. 18-1 shows the di¬ 
rections of instantaneous currents and 
induced voltages for power supplied 
to the high-voltage winding and a load 
connected to the low-voltage winding. In Fig. 18a both windings are 
wound in the same direction; in Fig. 18b, in opposite directions. The 
currents are indicated by closed arrows, and the induced voltages by 
open arrows. A high- and a low-voltage lead have the same polarity if, 
at a given instant, the current enters the high-voltage lead and leaves the 
low-voltage lead (or vice versa), thus giving the effect as though the two 
leads belonged to a continuous circuit. Thus, in Fig. 18-1, Hi and Xi 
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Siil»tra( five Polarity Additive Polarit y 

Fkl lS-1. Transf()rmf*r polarity doaig- 
nation. 
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have the same polarity. This means that in single-phase transformers the 
marking of the leads is such that when Hi and Xi are connected together 
and voltage applied to either side of the transformer, the voltage measured 
between the highest subscript H-lead and the highest subscript X-lead is 
always less than the voltage of the complete high-voltage winding. 
Instantaneously the terminal voltage horn Hi to H 2 in Fig. 18-1 is in 
time phase with the voltage to X^- 

Viewing the tran.sformer from the high-voltage side, the Hi-lead is 
usually brought out on the right side as shown in Fig. 18-1. When the 
Hi and Xi leads are adjacent, the polarity is said to be subtractive, and 
when Hi is diagonally oppo.site Xi, the polarity designation is additive. 
Fig. 18-1 shows both subtractive and additive polarity designations. 

Tests to determine the polarity of unmarked transformers are quite 
.simple to perform. Tw’o of tlie adjacent liigli- and low-voltage terminals 
are connected together, as shown in Fig. 18-2, and the voltage between 


4 . — 



Fia. 18-2. A-c polarity test of Fig. 18-3. D-c polarity 

a transformer. test of a transformer. 


the other two adjacent terminals measured when an a-c voltage is im¬ 
pressed on the high-voltage winding. If the voltmeter reading is greater 
than the voltage impressed on the high-voltage winding, the polarity is 
additive; if less, the polarity is subtractive. 

Fig. 18-3 shows a method of determining polarity using a dry cell, a 
switch, and a d-(* voltmeter. Either winding of the transformer is placed 
across the battery with the switch S in the circuit, and the voltmeter is 
placed across the same terminals to read upscale. The voltmeter terminals 
are then transferred directly across to adjacent terminals of the other 
winding. The switch S is suddenly opened, and the meter deflection 
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is observed: an upscale deflection indicates additive polarity; a downscale 
deflection, subtractive polarity. This test is advantageous when the turn 
ratio is very high but must be used with caution because of the high 
^’oltages of self-induction which may appear when the switc’h is opened. 

P^'ig. 18-4 shows the manner of connection for a transformer having a 
single H-V winding and two L-V windings, such as a transformer rated 
at 440-220/110 volts. P"ig. 18-4a shows the L-V winding connected in 



Fig. 18-4. Seri(‘s and parallel connection of the secondary windings of dual 
voltage transformers 


series for 220 volts and Fig. 18-4b shows the parallel connection for 110 
volts. In instrument transformers the windings ai‘e frequently merely 
spotted, as shown in Figs. 18-1 and 18-4. The spots are indicative of 
terminals having the same polarity'. The sequence A'l, A 3 , A’ 2 , A^, in 
I'ig. 18-4 is deliberate in order to simplify the scheme of connections for 
eit her series or parallel operation of the Ij-V windings. 

18-2. Polyphase connections (3-phase-3-phase). The generation of large- 
scale power is usually 3-phase at generator voltages of 13.2 kv or slightly 
higher. Transmission is accomplished at higher voltages ( 66 , 110, 132, 
220, 275 kv), and transformers are therefore neces.sary to step-up the 
generator voltages to that of the transmission line. At load centers the 
transmission voltage must be reduced to distribution voltages (6600, 
4600, 2300 volts) and, at most consumers, the distribution voltages must 
be reduced to utilization voltages of 440, 220, or 110 volts. 

Polyphase transformation of 3-phase voltages may be accomplished 
either by using banks of interconnected single-phase transformers or by 
using polj'phase transformers. Years ago the use of single-phase trans¬ 
formers in banks was the accepted method, but today, with improvement 
in transformer design and manufacture, the polyphase transformer is 
commonly used. Various methods of transforming 3-phase voltages to 
liigher or lower 3-phase voltages are available. The most common con- 
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nectionsare: (a) delta-delta; (b) wye-wye; (c) delta-wye; (d) wye-delta; 
(e) open-delta; (f) T. 

(a) Delta-delta (A-a) connection. Fig. 18-5 shows the A-A connection 
of three identical single-phase transformers. The secondary winding ab 
corresponds to the primary AB', the polarity of terminal a is the same as 
that of A. The phasor diagrams neglect the magnetizing current and 
impedance drops in the transformers and are drawn for unity power factor 



l. 

Primary (a) Secondary (A) 

Fuj. 18~5. Delta-delta connection of transformers. 


between phase voltage and phase current. Thus Iab is in phase with Vab- 
As in previous diagrams, primary and secondary terminal voltages, and 
also primary and secondary currents, are opposite in phase so that Vba 
corresponds to Vab- Corresponding to cos ^ = 1 between phase voltage 
and phase, current, Iba is in phase with Vba. The phasor diagrams are 
shown for a balanced load. It should be noted that the Une currents are 
Vs times the phase currents and are displaced 30° behind the phase 
currents; the 30° displacement angle always exists for all balanced loads 
regardless of power factor. For identical transformers, having equal ratios 
of transformation and equal impedances, no circulating current exists 
within either primary or secondary delta, and the transformers will share 
the total load equally; for example, three transformers supplying a 
300-kva load will each assume 100 kva of the load. The ratio of trans¬ 
formation between banks is the same as that of the individual transformer. 

In order for the output voltage to be sinusoidal, the magnetizing cur- 
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rent of a transformer must contain a third-harmonic component. Since 
the third-harmonic components of current of the three phases are dis¬ 
placed from each other by 3 X 120 = 360°, they are all in phase and 
produce a single-phase third-harmonic current circulating within the A; 
this current produces the sinusoidal flux, and the secondary voltage is 
therefore sinusoidal. 

The A-A connection offers an added advantage in that it may be 
operated in open-delta should one transformer be lost; the capacity 
available is then reduced: this is explained under (e). 

(b) Wye-Wye (Y-Y) connection. For this connection the phasor dia¬ 
grams can be drawn in the same manner as for the A-A connection. The 
line voltage is y/Z times the phase voltage, and the two are displaced by 
30°. The transformation ratio between primary and secondary line 
voltages or line currents is the same as that of the individual transformer. 


Vjo 


VsA (a) 


Fig. 18-6. Wyo-wye connection willi isolated neut nil; (ii) balanced load; (b) unbalanced load. 

Y-Y banks are operatial with grounded niaitrals, i.e., the neutral of 
the primary is connected to the neutral of the power source. With an 
isolated neutral any unbalance in load or any single-phase load connected 
across one transformer or between lines will cause the electrical neutral 
to s hif t position and the phase voltages will become unbalanced. A 
grounded neutral prevents this very unsatisfactory condition of operation. 
Fig. 18-6 shows the conditions existing when the neutral is isolated. In 
Fig. 18-6a the load is balanced, and in Fig. 18-6b the load is unbalanced. 

With an isolated neutral the third-harmonic components of current in 
the primary cancel and the transformer flux is non-sinusoidal, thus pro¬ 
ducing non-sinusoidal phase voltages; however, the line voltages are 
sinusoidal. Such harmonic voltages are undesirable because of the stresses 
which they may produce on the insulation of the windings. The use of a 
grounded neutral or a tertiary A winding will allow a path for the third- 
harmonic current and thus produce a sinusoidal flux and a sinusoidal 
phase voltage. 
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(c) Delta-^wye (A-Y) connection. Fig. 18-7 shows the connections and 
pha.sor diagrams for the A-Y arrangement supplying a balanced unity 
power factor load. The phasor diagrams may be deduced from the diagram 
of Fig. 18-5. Primary and secondary line voltages and line currents are 
observed to be out of phase with each other by 30°. The ratio of primary 
to secondary line voltages is 1/V^3 times the transformation ratio for one 
transformer of the bank. No difficulty regarding third-harmonic currents 




Fi(i, 18-7. Delta-wye connection of transformers. 


appears since the existence of a A connection allows a path for these cur¬ 
rents. Th(‘ use of such a bank permits a grounded neutral on the secondary 
side, t luis providing a 4-wire 8-phase service. Unbalance in loadings causes 
v(^ry slight voltage unbalance since the transformer primaries are con¬ 
nected in delta. 

Because of the 30® shift in primary and secondary voltages, it is not 
possible to parallel such a bank with a A-A or Y-Y bank of transformers. 

Tlie secondary phasor diagrams of Fig. 18~7 may not appear to be 
completely consistent with those of Fig. 18-5 unless rotated tlirough 
180°, thus causing Via to l>e (ISO® + 30°) out of phase with Vab- This 
is entirely due to the arbitrarily assumed positive directions of currents 
in the wye. 

(d) Wye-delta (Y-A) coiinection. This connection is very similar to that 
of the A-Y connection. A 30® shift in line voltages appears between 
primary' and secondary, and third-harmonic currents flow within the^i tP 
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provide a sinusoidal flux. The ratio between primary and secondary 
voltages is y/s times the transformer turn ratio, Wlien operated in Y-A, 
it is customary and desirable to ground the primary neutral, thus con¬ 
necting it 4-wire. 

(e) Open-delta (V-V) (rr V CMimclion. An advantage of the A-A con¬ 
nection is found in the fact that if one of tl)e transformers be removed 
from the bank, due to a fault or otherwise, the remaining two will continue 



Fig. 18-8. F coniKM’tioii of tnuisfonncrs. 

to deliver a 3-phase output to the load. If transformer I he removed from 
the bank on both primary and secondary sides in Fif»;. 18-5, the same line 
voltages VA a, Vbc Vcaj Vhay Veu, Vary appear in the phasor diagrams. Vab 
and Vha appear as the sum of the voltages of transformers II and III. 
If the same unity-power-faetor load is applied as in the discussion for the 
A-A bank, the currents /«, h and I^ must appear in the same phase rela¬ 
tionship to the line voltages as in Fig. 18-5. Therefore, the phase voltages 
and phase currents are out of phase by 30°, since phase and line currents 
are identical in the V connection. As a result, at unity-power-factor the 
transformers II and III operate at a power factor of 0.866. 

In the open-delta connection the combined (capacity of the two trans¬ 
formers, i.e., f of the 3-phasc output, is not available if the transformers 
are not to be overloaded. If the A-A bank supplies a load of Vs V jJl 
volt-amperes, then the open-delta bank is able to supply Vs Vl(I l/V 3) 
volt-amperes at the same copper losses since the line current becomes the 
transformer current in the open-delta connection. The ratio of the open- 
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delta to A-A volt-amperes is thus l/Vs = 0.577. Hence only 0.866 of the 
combined single-phase capacity is available (0.577/0.667) when two 
transformers are used in open-delta. This factor is sometimes called the 
utility factor. 

(f) Fig. 18-8 shows the T connection employing two transformers for 
3-phase to S-phase transformation. The main transformer requires a center 
tap and the teaser transformer an 0.866 tap, or it may be wound with 
86.6% of the turns on the main transformer. For loads of unity power- 
factor the teaser and each half of the main transformer all operate at 
different power factors, thus producing voltage unbalance. Where the 
teaser is wound with the proper number of turns (no top), the utility 
factor is 0.928; when the top is employed and 0.134 turn is unused, the 
utility factor is 0.866. It is possible to use two identical transformers using 
the same number of turns in main and teaser if some slight unbalance is 
not objectionable in cases of emergency. 



Fia. 18-0. Scott connection (2- to 3-phiise transformation, or vice versa). 


18-3. Polyphase connection: 2-phase to 3-phase, or vice versa. This 
connection known as the Scott Connection is shown in Fig. 18-9. Modern 
distribution systems are 3-phase, but where older 2-phase systems are in 
use the Scott Comiection enables transformation to 3-phase power, either 
3- or 4-wire. The connection is best studied with an example: in Fig. 18-9 
the main transformer is rated at 2400/208 volts and has a center tap on 
the secondary side; the teaser transformer can be identical but requires 
an 86.6% tap point, pro\'iding a voltage of 180 volts. For these trans- 
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formers supplying a 100-kw unity-power-factor load with losses neglected, 
the following results are tabulated: 

7 1 load 

Teaser power factor 
Main power factor (dc) 

Main power factor (da) 

Power (teaser) 

Power (main) 

Ratio of transformation (teaser) 

Ratio of transformation (main) 

Primary current (teaser) 

Primary current (main) 

It is noted that the teaser operates at unity p.f. while each half of the 
main operates at a p.f. of 0.8G6. Had the load p.f. been 0.8(H) lagging, the 
current phasors on the load phasor diagram would rotate 30° clockwise 
and the power factors would become: teaser 0.8G6, one half of main 0.50, 
other half of main 1.00. Because of the different power output from the 
teaser and the two halves of the main transformer, voltage unbalance 
results. 


100,000 


= 278 amp 


Vs X 208 
unity 
0.866 
0.866 

180 X 278 = 50 kw 
2(104 X 278 X 0.866) = 50 kw 
2400/180 = 13.33 
2400/208 =11.53 

20.8 iimp 

24.1 amp 



Fig. 18-10. Three to 6-phase transformation; diametrical connection. 


18-4. Polyphase connections: 3-phase to 6-phase. Where synchronous 
converters or mercury arc rectifiers require G-phase power, transformation 
may be accomplished by the following three common schemes of connec¬ 
tions: (a) diametrical connection; (b) double-wye; (c) double-delta. 

(a) Fig. 18-10 shows the diametrical connection (only the secondaries 
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shown). Three transformers, having center-tapped secondaries, are neces¬ 
sary. The leads 010461040164 are connected to the rings of a 6 -phase con¬ 
verter or the anodes of a mercury arc rectifier. This connection is a true 
G-phase connection which yields 6 -pha.se voltages between the six leads 
regardless of whether or not a load is connected. The neutral of the bank 
may be grounded and used as the neutral wire of a 3-wire d-c system 
employing a converter. When the transformers are used with a mercury 
arc rectifier, the neutral constitutes the negative side of the d-c output. 


B A 



Fio. IS- 11. Three* to O-phase transformation; double-wye connection. 

(b) Fig. 18-11 shows the double-wye connection. Each transformer 
requires t wo identical secondary windings. Two separate wye connections 
are arranged as shown in Fig. 18-11 so that the voltages available from 
terminals OihiCi are opposite in phase to tlie voltages available from 
(iib 4 C 4 , With t he neutrals /q and no connected, the system becomes identi- 
(‘al with the diametrical arrangement of the previous discussion and is a 
true 6 -phase system yielding voltages between terminals both with and 
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without a load connected. With the neutrals nj and n 2 separate, the two 
secondary wyes are not interconnected until a symmetrical (>-phase load 
is applied l.o terminals aiC 4 bxa 4 Cihi. Such an arrangement is not considered 
true 6-phase, but operates 6-phase when the load is present. When used 
with a 6-phase mercury arc recrtifier, the doulde-w’ye connection is em¬ 
ployed with a center-tapped reactance coil (called an interphase trans¬ 
former) connecting n\ and n^. The center tap constitutes the negative 
side of the d-c output. By using this arrangement two anodes are always 



Fig. 18-12. Three- to ((-phase transformation; double-delta connection. 

firing together, each overlapped with the other by 60 electrical degrees. 
With a solid connection between ih and rtz just one anode fires at a time. 

(c) Fig. 18-12 shows the double-delta connection. Again two identical 
secondaries are necessary on each transformer. Two independent deltas 
are formed, and the load is necessary to make 6-phase operation com¬ 
plete. Without the load, 6-phase voltages are not obtainable between the 
terminals aiC 4 bia 4 Cib 4 . 

A double-T connection employing two transformers also may be used 
for 3- to 6-phase transformation. The main requires a center-tapped 
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primary and two identical center-tapped secondaries; the teaser requires 
an 86,6% tap on the primary and similar taps on each of two identical 
secondaries. 

By means of tlie Scott connection it is possible to transform from 2- to 
6 -phase, using main and teaser transformers each having a single primary 
winding and two secondary windings, the main with center-tapped second¬ 
aries, and the teaser with 86.6% tapped windings. 

It should be noted here that phase transformation from single phase 
to polyphase cannot be accomplished with static transformers, and re¬ 
quires rotating equipment. 


PROBLEMS 

1. A 10,000-kva, 13,200-volt, 3-phase generator supplies power to a 3-phase, 220- 
volt load by means of three single-phase transformers connected in a 3-phase bank. 
Determine the voltage, current, and kva ratings, and also the ratio of transformation 
for: 

(a) Y-A bank 

(b) Y-Ybank 

(c) A-Y bank 

(d) A- A bank 

2. Three identical GO-cycle power transformers are connected in a Y-A bank to 
transform vcdtages from a 440-volt, 3-phasc, 3-wire distribution system, in order to 
supply a 220-v()lt 3-phase 3-wire load. If the operating flux density is 70,000 lines per 
sq in. and the memn core area 40 »(\ in., determine the niunbei* of turns in the primary 
and secondary windings. 

3. Three single-phase transformers are to l)e arranged in a 3-phasc bank to supply a 
120-volt, 4-wire system from a 3-wire, 0000-volt distribution line. The transformers are 
connected A-Y witli the neutral grounded on the secondary side. If a balanced 300-kw 
unity ix)wer factor lighting load is supplied by this bank, determine: 

(a) Primary current and voltage ratings. 

(b) Secondaiy current and voltage ratings. 

(c) Ilatio of transformation. 

4. A Y-A bank of transformers supplies a balanced load of 500 kw, 1100 volts, 
0.85 power factor lagging. Determine primary and secondary voltages and currents. 
Draw a complete i)hjisor diagram for primary and secondary. Line voltage = 11,000. 

5 . Ref>cfit Problem 4 for a A-Y connection. 

6. Repeat Problem 4 for a A-A connection. 

7 . The leads of three si>ecial 220/81-volt transformers lack polarity markings and 
it is necessary to connect them in a A-Y bank in order to supply a 3-phase synchronous 
converter requiring a ring voltage of 140 volts. How would you proceed to connect the 
transformers using a single lamp as the only test equipment available? 

8. If a fully loaded 50-HP, 208-volt, 4-pole induction motor having an efficiency of 
91% and a ix)wer factor of 90% is placed in parallel with the lighting load of Problem 3 
above determine: 

(a) Secondary current. 

(b) Primary current. 

(c) Transformer power factor. 
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9. A 4600/440-volt Y-A bank of three identical transformers supplies three balanced 
3-phase loads conuecte<l in parallel: (a) 75 kw at unity power factor; (b) 100 kva at 
0.90 power factor lagging; (c) 50 kva at 0.85 power factor leading. Determine the 
transformer ratings necessary. 

10. A A-A bank of identical transformers carries a balanced 3-phase load of 100 
k\'a, 0.866 power factor lagging, and a single-phiuse load of 40 kw, unity power factor. 
Specify the kw and kva of each transformer. 

11. A 300-kw, 440-volt, 3-phase, 3-wire balanced load operating at 0.85 power 
factor lagging is to be supplied from a 4600-volt, 2-phase, 4-wire system. Determine the 
ratio of transformation and kva ratings for both the main and teaser transformers. 

12. How much power is delivered by each transformer in Problem 11? 

13. It is necessary to supply a balanced 2-phase, 220-volt load of 50 kw, 0.90 power 
factor lagging from a 3-phasc, 1100-volt system. Specify the voltages and currents for 
the transformers necessary. 

14. A A-A bank of transformers supplies a balanced unity power load of 150 kw. 
If one transformer is removed, specify the ojxirating })ower factor and kw load for each 
of the two remaining transformers operating in open delta. 

15. Repeat Problem 14 for a balanced load of 150 kw operating at 0.866 power factor 
lagging. 

16. A 3-phase, 1100-volt system supplies 1000 kva to a 220-volt balanced 3-phasc 
load by means of T-connected transformers. Specify the voltage and current ratings of 
the transformers and the ratios of transformation. 

17. Two 230/115-volt transformers having center taps on l)oth primary and second¬ 
ary windings, but lacking 86.6% taps, are connected in T on both primary and 
secondary sides. If the primary side is connected to a balanced 230-volt, 3-phase system, 
determine the line to line voltages on the secondary side, and specify the displacement 
angles between them. Neglect exciting currents and impedance drops. 

18. A 2-phase, 440-volt, 60-cyclc, 50-HP motor having an efficiency of 91% and 
operating at a power factor of 0.88 takes power from a 2300-volt, 3-phase system 
through a Scott-connected bank of transformers. Determine the kva loading for each 
transformer on both primary and secondary sides. 

19. Two 50-kva transformers are connected in open delta and supply a balanced 
load of 0.80 power factor lagging. What is the maximum kw load j)ermitted if the 
transformers are allowed to operate at 15% overload? 

20. How much additional load of the same 0.80 power factor can be carried if a third 
50-kva transformer is added in Problem 19 to produce a full A-A bank? 

21. A 6-phase, 625-volt synchronous converter receives power from an 11,500-volt 
3-phase distribution system. If the power input is 500 kva at unity ix)wer factor, and 
the transformer bank supplying the converter is connected A on the primary side 
and diametrical on the secondary, determine the voltage, current, and kva ratings of 
both primary and secondary windings. Also sy)ecify the ratio of transformation. 

22. Repeat Problem 21 for a A-double A transformer bank. 

23. Repeat Problem 21 for a A-double Y transformer bank. 
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PARALLEL OPERATION OF TRANSFORMERS 


19-1. Parallel operation of transformers. When two or more transformers 
are to lie operated in parallel in order to deliver power to a load over 
common hus-hars, it is n(*cessary to satisfy very definite conditions of 

operation. In the analysis of this chapter just 
two transformers will lie considered in parallel. 

The first condition to he satisfied is that 
primary and secondary windings be connected 
to their respective bus-bars with due regard to 
the polarity: at any instant all transformer 
Irrminals a>n7iccicd to a given bus must have the 
same polarity. In Fig. 19-1 two transformers are 
shown in parallel and a voltmeter V is shown 
between the terminal ^" 2 ^^ (or A"/' or ^^ 2 ^ or 
A'/) and the bus-bar to which this terminal is 
connected: it is assumed that the // terminals constitute the primary 
windings and the A' terminals are connected to the common bus-bars 
supplying the load. If the voltmeter V reads zero, the condition of proper 
polarities is satisfied; otherwise, the voltmeter would read double sec¬ 
ondary voltage indicating improper polarities. 

Further conditions for parallel operation can be derived from the cur¬ 
rent voltage relations of the simplified Kapp diagram (Fig. lG-1) and the 
corresponding equivalent circuit of Fig. 19-2 which neglects the mag¬ 
netizing current. In this discussion the influence of the transformation 
ratio will also be introduced. For this purpose the secondary voltage will 
be expressed as To = oVt where Ff is the actual secondary voltage. 
All currents and impedances are referred to the primary side. Thus for 
transformer I 

V/ = a'V/ -f 12'Z.i' 
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and tor transformer II 

V/' = n"V/'+ 12 '%," (19-2) 

But since primaries and secondaries arc connected to common buses 

V/ = V," = Vi and V/ = V/' = V, (19-3) 



la) lA) 

Fig. 19-2. I'xjuivalent circuit of two transforniers in ])arall(‘l: (a) in terms of jirimary; (V)) in 

terms of secondary. 


Z,i' and Zri" are flie equivalent impedances in terms of the primary 
(short-circuit impedances with secondary shorf-circuited). Tlie total 
load current (on the primary side) is the sum of the transformer currents, 
or 

1/ = 1/ + h" (19-4) 

From Eqs. 19-1 to 19—4 the following relations may be obtained: 


-V,(o/ - a") + It%/ 
z7 + 'Zei" 


( 19 -. 5 ) 


T " — 
I 2 — 


+VAo' - o") + Ir%i' 

\l' + Ze," 


(19-«) 


The only quantitj' in Eq. (19-1) to (19-6) not referred to the primary is 
1'/. All other quantities are, as mentioned previously, referred to the 


primary. 

If Zc 2 ' and Zc 2 " are the equivalent impedances referred to the second¬ 
ary and It is the total load current on the secondary side the voltage 
equations become 

-V =V/ + l2^Z.2' (19-7) 

a 



+ I2"Z,2" 


(19-8) 
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and Ir = l 2 ^ + I 2 ” 

Eq. 19-3 and Ecis. 19-7 to 19-9 yield 

I - n/Q + 

“ a'Z",2' + a'% 2 " 

T n _ 4~ ^^^IrZc2^ 

' ““ ^7+ a"z.2" 


a9-9) 

(19-10) 

(19-11) 


vvl)ere 1 2 ^ and 1 2 ^^ i^re now the actual transformer currents on the load or 
secondary sifle. 

The equations for 1/ and L/' and also 1 2 and 1 2 ^ show that the cur¬ 
rent of eacli transformer consists of two components. The magnitude of 
the first component, is the same in each transformer but opposite in phase, 
i.e., these two currents represent an internal current circulating between 
the transformers and never reaching the external circuit. Tlie sum of tlie 
second components of I 2 and L/' or I 2 and gives the load current 
at the primary or secondary bus-l)ars, depending upon which set of equa¬ 
tions is employed. 

The circulating curnait results from a difference in the transformation 
ratios (a/ — n") and is independent of the load current. It also exists 
at no load {It or It = 0). 

From Ecjs. 19-5 and 19-0 with transformers having equal transforma¬ 


tion ratios (a' = a") 


/o' 


Z/' 

z7 


(19-12) 


i.e., if two transformers of the same rating and same transformation ratio 
are to divide the load equally, their short-circuit impedances must l)e 
equal. In general, for t ransformers of different rating but tlie same trans¬ 
formation ratio, the equivalent impedances must be inversely propor¬ 
tional to t he ratings, if each transformer is to assume a load in proportion 
to its rating. Thus, a transformer in parallel with another of twee the 
capacity must have an impedance twice that of the larger transformer in 
order that tlu' load be properly divided between them. 

It should be noted tliat satisfying Eq. lf)-12 does not necessarily 
require equal power factors for the currents I 2 ' and 1 2 "* Consider two 
transformers of the same rating and same transformation ratio ha\dng 
Z/ = Zc" (Fig. 19-3). It is assumed that the short-circuit resistances 
(equivalent resistan(*es) are not ecpial: consequently the short-circuit 
reactances are also unecpial. Since I/R/ and make different 

angles with F/ == F/', then 1 2 ' and /o" must have different angles with 
F<, i.e., the transformers operate with equal currents at different power 
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factors (Fig. 19-3). Thus the proper distribution of active and reactive 
current components requires that the ratios of short-circuit, resistances 
and reactances be ecjual^ i.e., X//R/ = If this condition is 

not satisfied, the total loss of th(‘ t wo transformers will not be a minimum. 

Summarizing, the conditions for proper ])arallel operation of single¬ 
phase transformers are the following: (a) proper conne(*tions to the bus¬ 
bars with regard to polarity, (b) identical voltage ratings, (c) equal 
transformation ratios, (d) ratio of the eqtiiv- 
alent impedances inversely proportional to the 
ratio of current ratings, (e) ratio of equiva¬ 
lent resistances equal to ratio of ecpiivalent 
reactances. 

For parallel opei-ation of 3-phase trans¬ 
formers, conditions have to be satisfied sim¬ 
ilar to those for single-phase transform(as. 

The secondary xoltages of 3-pliase trans¬ 
formers to be connected in parallel ar(‘ in 
phase if, for the same winding directions of 
primary and secondary, the conn(*ctions of 
primary and secondary windings are tlie saiiu^: 
for example, all primaries connected star and 
all secondaries connected delta, or vic(‘ s ersa. 

Consider a single 3-phase transfornuu-; if its 
primary and secondary windings are con¬ 
nected the same (both star or both delta), 
then the line voltages are displaced from each 
other by almost 180°. On the other hand, if the 
primary winding is connected in star and the 
secondary in delta, or vice-versa, the line volt¬ 
ages are displaced from each other by about (180° ± 30°). It therefore 
follows that transformers having the same primary connections (all star 
or all delta) and different secondary connections (some star and some 
delta) cannot be connected in parallel. However, a transformer with its 
windings connected in star may be connected in parallel with a trans¬ 
former having its windings connected in delta. 

Example. The data below apply to two single-phase transformers: 

Short-circuit teat 

Rating {at rated current) 


Transformer (kva) Voltage Voltage Watts 

A. 200 2300/230 160 1400 

B. 300 2300/225 100 1700 



Fio. 19-3. IHiasor diagram of 
two t ransfoniKTs in parallel. 
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The traneformerfi operate in parallel on both sides and deliver a total load of 400 kva at 
0.80 power factor lagging. Determine: (a) the current delivered by each to the load 
bus; (b) the ix)wer delivered by each; (c) the {xjvver factor of each. Vt = 230 volts. 


Transformer A 


,, , . ,7 

2300 


2300 

230 


- 10 


y ' 


Rel 


100 _ 
"87 
1400 
(H7)^ 


1.S4 


= 0.185 


Xh' - 1.S3 

Z«i' - 0.1S5 -h.yl S3 = 1.84 /84.23 

Z../ = - 0.00185 -bjO.Ol83 

(a y 

ZA = 0.0184 /84.23 


U = 


Transformer B 
= 130.5 

2300 


- 10^22 
225 




100 

130.5 


0.7G7 


/e,." = —= 0.0998 
(130.5)2 

XJ' = 0.700 

Z„" = 0.0998 + J0.760 = 0.767 /82.5 
Z./' = = 0.000955 + i0.00727 

(U )2 

Z„./' = 0.00734 /82.5 


/r = 


400,000 

230 


1740 amp 


I7 = 1740 /-30. 8 = 1392 - ^1044 
^ -230/0(10 - 10.22) -f 1740/-:!;^ X 10.22 X 0.00734 /82.5 

io X 0.0184 , 84.23 + 10.22 X 0.00734 /82.5 
.50.0 + JO + 91.2 4- i93.5 170 / 33 .4 

” 0.0283 + j0.0257 0.259 /83.73 

= 0.57 -.50.33 = 418 - j506 
2.30 0(10 - 10.22) + 1740 /-36.8 X 10 X 0.0184 /84.23 
~ a2.59 /.83.73 

-.50.0 + JO 4- 21.6 4- i235 288 /.54.8 

0.2.59 ^_S^73 02 ^83^ 

= 1112 /-28.93 = 974 - >538 
(c/iecJk) I,' + I./' = 1392 - jl044 

Power Factor A = cos 50.33° = 0.038 lagging 
Power Factor B = cos 28.93° = 0.875 lagging 
Power A = 230 X 057 X 0.038 = 96 kw 

Power B - 230 X 1112 X 0.875 = 224 kw 

96 4- 224 = 320 = 400 X 0.80 


(check) 
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If the load on these transformers was reduced to zero the currents would become 


(no-load) 


-230^(10 - 10.22) 50.6/0 

ih259 /s:^ “ 

195.5 -S3.73 = 21.3 - jl94 


(no-load) = 


230/0(10 - 10.22) 
a259/S3.73 


50.6/ISO 
6^259 /S3.73 


- 195.5 /96.27 - -21.3 + ./191 


The current above is the circulating current and exists under jtll conditions of load¬ 
ing. Thus, under load, the component of L>' supplying the load is 

(load component) = (418 — j506) — (21.3 — jl94) 

- 396.7 -i312 

aim 

I 2 ** (load component) = (974 — j538) — l. —21.3 -r ./194) 

= 995.3 - j732 

The sum of the above two currents is as it should lx*, It — 1392 — jl044 

If the transformation ratios of the two transform(‘rs had been the same, and if tlic 
eiiuivalent impedances Ze 2 and 7',. 2 " were unchanged, the circailating current would 
disappear and l 2 ^ and 1 2 ^^ would Ixicome: 

91.2-f;93.5 13l/4.'L7 

~ 0.259 S3.73 ~ 0 259 /83.^ 

= 50G /-3S.0 = 397 -^312 
216 + i235 319 / 47.4 

^ - -.. — --Jr=_ 

0.259 / 83.73 0.259 /83.73 

- 1233 ^-36.3 3 - 995 -^732 
The sum of the above two currents is Ir — 1392 — jl044 


PROBLEMS 

1. The short-circuit test data for two single-phase, 22,000/440-volt, 60-cycle trans¬ 
formers are given below in p-u: 


Short-circuit Test 


Transformer 

Rating 

{kva) 

Voltage 

Current 

Power 

I. 

. 100 

0.025 

1.0 

0.01 

II. 

. 500 

0.035 

1.0 

0.008 


Unit voltage = 22,000 
Unit current = rated current 
Unit pow'er = rated kva 
Determine for each transformer 
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(a) Impedance, resistance, and reactance in ohms and p-u. 

(b) Full-load efficiency at unity, 0.80 lagging and 0.80 leading power factor, assum¬ 
ing the core loss and cop|)er loss equal at full load. 

(c) Regulation at unity, 0.80 lagging and 0.80 leading power factor. 

2. The transformers of IVoblem 1 are operated in parallel on both the primary 
and secondary sides and supply a load of 500 kw at unity power factor at 440 volts. 
Determine; 

(a) Current delivered by each transformer. 

(b) Power outf)Ut of each transformer. 

(c) Power factor at which each transformer operates. 

(d) Circulating current. 

3 . Repeat Problem 2 above for a 500-kva load at 0.8 power factor lagging. Carry 
out all calculations in p-\i. Use common base of 600 kva. 

4. Two single-phase, 66,000/6600-volt, 60-cycle, transformers are tested on short 
circuit, and the following p-u data arc* recorded (unit power = transformer rating in 
kva) : 


Transformer Rating Voltage Current Walts 

1. 1000 0.05 1.0 0.008 

II. 3000 0.06 1.0 0.007 


The transformers are (Humected in paralhd on both sides and supply a load of 3500 
kva at 0.S5 power factor lagging, 6600 volts. Determine: 

(a) Current deliven'd by eai*h transformer. 

(b) Power output of each transformer. 

(c) Power factor of each transformer. 

(d) Circulating current. 

Carry out all calculations on a i)-u basis using a common base of 4000 kva. 

5. The data of short-circuit t(*sts at rated current on two transformers are given as: 


Rating S.C, Test 

Transformer Kva Voltage Volts Power (watts) 

A. 100 11,000/2300 265 1000 

B. 500 11,000/2350 340 3400 


The transformers are connected in parallel on both sides to 11,000- and 2300-volt 
bus(*.s, and sui)ply a total load current of 275 amp at 0.00 power factor lagging to the 
2300-volt bus. Determine: 

(a) Current deliveiHnl by ('ach transformer. 

(b) Power delivered by each transformer. 

(c) Power factor of each transformer. 

(d) Circulating current. 

6 . If the ratios of transformation of the transformers in Problem 5 were the same, 
namely, 11,(MX)/2300, determine: 

(a) Current delivered l)v each transformer. 

(b) Power delivered l)y each transformer. 

(e) Power factor of each transformer. 

(d) Circulating current. 

7 . Compare the transformer copper losses in Problems 5 and 6. Explain the difference# 
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THE AUTOTRANSFORMER 
INSTRUMENT TRANSFORMERS 
CONSTANT-CURRENT TRANSFORMER 


20-1. The Autotransformer. Chapters 11 to 19 discuss^^d the general 
theory of the 2-winding transformer. Th(‘ autotransjorrner using a single 
winding on an iron core, with a part of the winding common to both the 
primary and secondary, is frequently used. For certain types of service 
the autotransformer is superior to tlie 2-winding transformer, offering 
better regulation, reduced weight and size per kva, lower cost, higher effi¬ 
ciency, and lower magnetizing current. 

In the autotransformer only a part of 
the kva input is transformed from the 
primary to tlie secondary by transformer 
action, while the remainder is transferred 
directly from the priniar}^ lines to the sec¬ 
ondary lines. The relative amounts of 
power transformed and power trans¬ 
ferred depend upon the ratio of transfor¬ 
mation. Autotransformers offer the 
greatest advantage when the ratio of 
transformation is small; the smaller the 
ratio of transformation, the smaller the 
physical size of the autotransformer re¬ 
quired to supply a given load. 

However, the autotransformer has a disadvantage in that the low- 
voltage side has a metallic connection to the high-voltage side contrary to 
the 2-\\inding transformer. Thus a ground on the high-voltage side of an 
autotransformer may subject the low^-voltage circuit to the high voltage of 
the high-voltage line. 

Fig. 20-1 shows the schematic diagram of an autotransformer with 
a primary impressed voltage Vi and a load voltage F 2 . Just as in the 
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Fig. 20~1. Schematic diagram of an 
autotransformer. 
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2-wiiiding transformer the core flux is determined by the induced emf 
/?i ( « Vi)j the number of primary turns Ab, and the line frequency. The 
ratio of transformation is given by: 




( 20 - 1 ) 


The common part of the winding between A and C carries a current 
whicli is the difference between I 2 and Ii. If tlie magnetizing current is 
ignored the difference lo — Ii may l)e taken algebraically. 

It follows from Fig. 20-1 that: 


I2 



I ^ a - 1 

1 2 


E, 

E2 

En 

E, 

En 

E 2 


a 


n _ — 1 

A1 a 

a - 1 


Hating as an autotransformer 


Hating as a 2-winding transformer a — 1 

Full-load l()ss(\s in % of autotransformer rating _ 1 

Full-load loss(‘s in of 2-winding transformer rating n 

Magnetizing current as an autotransforiiKT _ n — 1 
Magiu'tizing current as a 2-winding transformer u 


Imfx'dance drop as jin autotransformer “ I 

Impedance drop as a 2-winding transformer n 

Short-circuit current as an autotransformer _ n 
Short-circuit current as a 2-winding transformer a — 1 

Uegulation as an autotransformer n — 1 

Regulation as a 2-winding transformer a 


( 20 - 2 ) 


(20-3) 


(20-4) 

(20-5) 


(20-G) 


(20-7) 


(20-S) 


20-2. Instnunent transformers. Instrument transformers are divided 
into two classes: potential transformers and current transformers. Each 
serves two purposes: (1) to insulate the high-voltage circuit from the 
measuring circuit, in order to protect the measuring apparatus and the 
operator; (2) to make possible tlie measurement of liigh voltages, with 
low-voltage instruments (usually 115 volts), or large currents witli low- 
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current ammeters (usually o amp), whicli procedure simplifies the meas¬ 
uring problem greatly. These transformers also are used to operate relays, 
solenoids, circuit-breakers, or other controlling devices. The principle of 
the instrument transformer is fundamentally tlie same as that of the 
power transformer. 

The potential transformer has tlie high voltage applied to the primary, 
and tlie secondary, usually rated at 115 volts, is connected to the volt¬ 
meter. From Figs. 14-1 and 14-2 it is observed that tlie ratio of primary 
to secondary terminal voltage is not the same as the turn ratio, but also 
depends upon the character of the load, upon t he impedance of the wind¬ 
ings, and upon the magnetizing current /,«. ^Fhe phase angle between 
primary and secondary terminal voltages is not exactly ISO", (?r zero if 
the phasor Th/ is n^’crsed (see Fig. lG-1). In order to k(H‘p the ratio of 
primary to secondary voltage constant, or pra(*ti(*ally so, the potential 
Iranshirrner is designed with as small a leakage reac'taiu'i* and resistance 
IIS possil)le. The flux density in tlie core is also lower than that used in 
powei’ transformers. Thus, in order to keep the ratio and phase-angle 
errors small, the instrument transformer is much largta* than a power 
transformer of tlic same rating. Instrument transformers usually are 
rat(‘d from 25 to 500 volt-amp(‘res according to the burden or secondary 
load. As far as lieating is concerned, their rating as a power transformer 
would l)e from two to four times the rating as instrument transformers. 

From Fig. 14-1 it should l>e clear that V 1 /V 2 ! is more nearly unity, or 
Fi more lU'arly equal to a, tlie smaller the load current, or the greater 
tlie load impedance. Also is more nearly equal to <P 2 under tliese same 
conditions. It also is clear that, for a given secondary burden, the ratio 
and phase angle can lie sp(‘cifled accuratel^^ Thus, the? ratio and pliase 
angle of instruim'iit transformers usually are specifical for a certain 
burden, and correction factors are appli(‘d, if iiecessar\q for otlier Inirdens. 
Usually tlie departure from tlie specified values is very small. Fig. 20-2 
shows a typical cori’ection curve for a potential transformer. The phase- 
angle error is th(* angle of departure of Vi from |b> reversed, so it is nearly 
zero and not ISO"". The phase-angle error is of importance only in power 
measurements, while the ratio error is important in both voltage and 
power measurements. Fig. 20-3 shows a typic^al voltage transformer, 
rated 2400 120 volts. Note the fuses and bushings on the primary side. 
The low-voltage secondary terminals are shown on the front of the case. 

(Jurrent transformers perform somewhat the same ser\dcc in a-c meas¬ 
urements as shunts do in d-c, and in addition they perform tlie important 
function, in high-voltage circuits, of insulating the measuring devices from 
the high-voltage lines. The important characteristic required in a current 
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transformer is a constant ratio between secondary and primary current, 
as well as a small phase angle between primary and secondary current. 
From the discussion of Art. 13-1 and from Figs. 14:-1 and 14-2, it is 
observed that 1 2 ' and h are more nearly equal, or I 2 — ali when the 
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Fig. 20-2, Potential transformer correction curves. 

magnetizing current is small in comparison to I 2 . The ratio of 1 2 to /i 
differs from the turn ratio a when Im is large, although it is not affected 
appreciably by the impedance of the windings. Ratio and phase-angle 
corre(*tion often must lie applied to current transformers also, and the 
manufacturers will supply them wlien required. Thus, in instrument 
transformers, it is necc'ssary to use high-grade laminations for the core, 
and to operate at relatively low flux densities. 

The secondary current of tlie current transformer depends mainly upon 
the primary current, and is nearly independent of the impedance of the 
instruments connected to thi* secondary. Primary current flows inde¬ 
pendent of whether the secondary circuit is open or closed; it is determined 
entirely by the line current. If the secondary circuit is open, no secondary 
current can flow, and hence there is no opposing mmf provided by 
secondary current. The result is that the primary current is then entirely a 
magnetizing current Im (see Fig. 12~2). This results in a very high flux 
density and a liigli induced voltage in the secondary, as well as a high 
impedance drop across the primary. The voltage may be sufficient to 
damage the secondary insulation, or to shock severely an operator coming 
in contact with the secondary terminals. Therefore^ it is important that 
the secondary of enrrent transformers be short-circuited when there are no 
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instruments connected to it. This is an important consideratio7i. Many 
portable current transformers have a sliorting switch mounted directly on 
the transformer. 

The primary of the current transformer lias only a few turns, often 
only one, while the secondary has many turns, the number of them 
depending on the ratio desired. Fig. 20-4 shows a current transformer in 



Fig. 20-3. Potential transformer 2400 120 volts. 



.. 


Fig. 20-4. Current transformer 200 /5 amp. 
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which the primary consists only of a single bar of copper around which is 
placed the secondary winding. The secondary of both the current and 
potential transformer, as well as the iron core, always should be groimded. 

20-3. The constant-current transformer. Street lighting circuits, using 
arc or incandescent lamps, frequently employ lamps connected in series 
(see Chapter 51). All lamps in series have the same current which must 

be carefully regulated and main¬ 
tained (jonstant in order to insure 
maximum lamp life. The circuit cur¬ 
rent is the same as that of the lamps 
and is much lowei- than would be the 
case willi lamps in parallel. How¬ 
ever, the circuit voltage is usually 
rather high and depends upon the 
number of lamps in series. 

Constant-current transformers 
are desigra'd to maintain a constant 
current in the series lamp circuits, 
regardless of the numlxu- of lamps 
conne(‘t(Hl in seri(\s across tlie sec¬ 
ondary winding of the transformer. 
A common se(*ondary current rat¬ 
ing is 0.60 amp, but other ratings 
such as 7.5 or 20 amp also are used. 
Regulation of the (iurrent to within 
± 2 % rated value between \ 

and l \ load is readily accomplished. 
Primary transformer voltages arc 
usually 2400 or 4800 volts, and the 
secondary voltages under load may 
be as high as 4000 volts. 

The moling coil constant-current 
transformer may be an oil-immersed 
transformer, or a dry-type, air-cooled, indoor transformer. The primary 
winding is stationary and the secondary is free to move with respect to 
the primarj^; counterweights are used to effect a balance between the 
weight of the secondary coil and the force of repulsion between the 
primary and secondary. Fig. 20-5 shows a constant-current transformer. 

In operation a constant voltage is applied to the primary, and the 
secondary adjusts its position relative to the primary so that the secondary 



Fia. 20-5. Constant current transformer, 
20 kw, 2400-volt primary, (i.G amp secondary, 
GO cycU«, equippfHi with eoinpuund balancing 
lever and micrometc^r wt'ight adjustment. 
Hingi‘-t?nd view. 
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volta^ije across the series lamp circuit produces the rated lamp current. 
At this position a meclianical balance results between coil weight, 
counterweights, and the electromagnetic force of repulsion. Should a 
single lamp in the series string burn out, it is automatically shorted by 
an oxide film device in the lamp base, and the transformer secondary 
moves farther away from the primary. As the secondary winding moves 
fartlier away from the primary winding, the leakage flux ima'eases and 
the se(‘ondary terminal voltage decreases to the value required to produce 
rated lamp current. At all positions of the coils the force of repulsion is 
essent i a 11 y const ant. 

Constant-current transformers arc designed to have a high leakage 
reactance while power transformers of similar voltage rating have a much 
low(T leakage rea(*tance. 

Example. A 100-kva, 2300-to-230-v()lt, 60-cyclo, 2-\vindinK trnnsfornior is used 
as an autotransfonner hav'in^ a single winding in order to stop ui) the voltage of a 
2300-volt line by lO^C If the transformer has 2 % losses, a 2 . 2 % regiihition, and a 
3.3VI imj)edanee (Ze) as a 2-\vinding transformer, its characteristics as a 2300/2530- 
volt autotransformer are: 


Primary voltage 

= 2300 volts 


Load voltage 

= 2530 volts 


Ratio of transformation 

_ 

11 


7i (as 2 -win(ling traiisformcr) 

100,000 

— = 4.b.) amp 

2300 

lo (as 2 -win(Iing transformer) 

100,000 

= - = 435 amp 

230 

I 2 (as autotraiisformer) 

= 435 amp 


I (as autotransformer) 

— 43.5 amp 


1 \ (as autotransformer) 

= 47S.5 amp 


Outi)ut (as autotransfonner) 

= 2530 X 435 

= 1100 kva 

Losses 

= — X 0.02 = 
11 

= 0 . 001 S 2 

Regulation 

= X 0.022 

11 

= 0.002 

Impedance 

= ' X 0.033 
11 

= 0.003 


Assume 230-volt winding to be insulated for 2300 volts. 
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PROBLEMS 

1 . An autotransformer is required to supply 200 amp at 220 volts from a 240-volt 
single-phase line. Neglecting losses and impedance drops, determine: (a) ratios A^/A^> 
and Ni/n; (b) currents /i, 1 2 and 1; (c) percentage of power transferred directly; 
(d) i)€rcentage of power transformed. 

2. A two-winding, M 00/220-volt, 60-cycle transformer is used as an autotrans¬ 
former to boost the voltage of a single-phase, 1100-volt line 20%. If the transformer was 
rated at 10 kva (2 winding), determine the output as an autotransformer and the cur¬ 
rents /i, 1 2 and /. How much power is transferred directly and how much power is 
transformed. 

3. A short-circuit te.st is taken on a 10-kva, 2300/115-volt, 60-cycle, two-winding 
transformer, and the following data are recorded: 

Vac = 118 volts 

/gc = 4.35 amp 

Pac ~ 225 watts 

If this transformer is connected as an autotransformer to boost the voltage of a 2300- 
volt line 5%, and a short circuit occurs on the 2415-volt output side, determine the 
theoretical short-circuit current which would flow. 

4. Calculate the regulation of the autotransformer in Problem 3 for full-load, 
O.SO power factor lagging. 

5. A 15-kva, 2300/230-volt, 60-cycle transformer has the following constants: 

ri = 2.5 ohms r 2 = 0.021 ohm 

X\ - 10.2 ohms X 2 = 0.10 ohm 

Neglecting the magnetizing current determine the regulation of this transformer when 
used as an autotransformer to lK)Ost the 2300-volt line 10%. The load is 16.5 kw, unity 
|K)wer factor. 

6. What voltage impres.sed across the 2300-volt side of the autotransformer in 
IVol)lem 5 will produce rated current when the 2530-volt side is shoi*t-circuited? 

7. Is it iK)Ssible to arrange two autotransformers in a Scott connection and supply a 
2-pha8e load from a 3-i)hase system? If a 2-pha8e, 230-volt, 4-wire, 60-cycle load is to be 
supplied from a 3-phase, 3-wire, 20vS-volt, 60-cycle system by means of two autotrans¬ 
formers, si>ecify the transformer requirements (voltages, taps) and show the manner 
of connection. 

8. Transformation of voltages from 3-phase to 6-phase may be accomplished by 
means of three autotransformers properly connected. A 6-phase converter requiring 
ring voltages of 150 volts from a 230-volt, 60-cycle, 3-phase, 3-wire system is to be 
supplied by means of autotransformers. Specify the transformers necessary and show 
the diagram of connections. 
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21-1. A-C armature windings. A-c armature windings can he single-phase 
or polyphase (2 or 3 or more phases): the polyphase windings will be 
considered first in this cliapter. 

As for d-c armature windings, polyphase armature windings ai-e usually 

2- layer. The single-layer polypliase winding is used in the w-ound rotors 
of small induction motors, Art. 23-11), hut seldom in the stators of these 
motors. 

As for d-c armature windings, polyphase armature windings can he of 
the lap or wave type, see Art. 3-1. Tlie wave-typc' polyphase winding is 
used mainly in w ound rotors of medium size and larger induction motors. 

Wliile d-c armature windings are w^ound continuously and are closed 
w indings, polyphase armature windings are arrangcMl in groups of t wx) or 
more single coils, the numher of groups being determined by tlie number 
of poles and tlie number of phases. It is the number of slots per pole per 
phcuscj q, wiiich determines the number of single coils in a, group, and it is 
the product of the numher of poles and the rnimher of phases, p X m, which 
determines the numher of groups in th(' winding. 

This will be explained hy tw'o examples. A 3-phase, 2-pole winding with 
Q = 12 slots has q = 12/(2 X 3) =2 slots per pole per phase and each 
coil group will consist of tw^o single coils. There will be a tot al of p X m = 
2X3 = 6 groups in this winding, tw’o groups per phase. Fig. 21-1 show^s 
tliis winding. A 3-phase, 4-pole winding witli Q = 24 slots also has 
q — 24/(4 X 3) = 2 single coils per group, but the total number of 
groups is now^ 4 X 3 = 12, 4 groups per phase. Figs. 21-4 and 21-8 show 

3- phase, 4-pole windings, each with Q = 24 slots; Pig. 21-4 is a lap 
winding and Fig. 21-8 a wave wimling. 

The number of slots per pole per phase 


p X m 
m 


(21-1) 
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and the product p X m are the determining factors in the layout of 
polyphase armature windings. 

(a) Polyphase lap windings. Fig. 21-1 shows a 2-pole, 3-phase, 2-layer 
lap winding placed in 12 slots. The number of slots per pole per phase is 
g = 2. If slots 1 and 2 arc assigned to phase I, slots 3 and 4 must be 



i 

C 

b 

a 


Fio. 21-1, Tlirec-phuse, 2-polo, 2-luyor lap winding with t wo bIoIs por pole per jdiase. 


assignod to phase III, slots 5 and (> to pliase II, slots 7 and 8 again to 
pliase 1, ete. The reason for the phase sequence I, III, II is given in the 
following. 

Considering the upper coil side in slot 1, the lower coil side which makes 
a complete coil witli it lies in slot 7.1'he distance between both coil sides, 
the coil spauy is 7 — 1 = 0 slot pitches. Tliere are Q = 12 slots (total) 
and the number of poles is p = 2, i.e., there are G slots per pole. Thus the 
coil span is equal to the pole pitch: the winding is full-pilch or 7iot chorded. 
Chorded or fractional-pitch windings will be discussed later in this 
chapter. 

All coils have the sauw coil span: this is always the case in a 24ayer 
winding. All connections, i.e., those between single coils, between coil 
groups, and from the winding to the terminals, lie on the same side of the 
winding. Considering the coils at the end opposite the connections, upper 
coil side 1 is connected wit h lower coil side 1 + G ~ 7; upper coil side 2 
with lower coil side 2 + G = 8, and so forth. A coil may consist of one or 
more turns (see Fig. 21-G). It is assumed in Fig. 21-1 that the coil has 
more than one turn. The short connectors C at the connection end con- 
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nerf the last turn of the first coil of a group with the first turn of the 
second coil of the same group. Thus the first connector C from the left 
connects the end of coil (upper 1-lower 7) with the beginning of coil 
(upper 2-lower 8). 

h^ach phase has two coil groups. Phase I consists of the coil groups 
terminating in I?, and Ic 1^; phase II of the coil groups terminating in 
Ila Ili, mid lie lid.; and phase III of the coil groups terminating in Ilia Hb, 
and lllf Illd. In each case a or c represents the beginning of a coil group 
and h or d its end. According to the voltage to be produced in the case of a 
generator, or the voltage impressed in tlie case of a motor, the coil groups 
assigned to each phase are connected either in series or in parallel. 

Tlie lieginiiings (as well as tlu^ ends) of the three pliases must be dis¬ 
placed from eacli other by 120 (iecirical degrees. That is, I„, !!«, III„ in 
Fig. 21-1 are displaced from each other liy 120 electri(*al degrees. A 
2-pole machine corresponds to 3()() ele(*t rical degrees, "^i'herefore, since a 
slot pitch is eciual to 300 12, or 30 electrical degrees, the beginnings of 
the three phases must be displaced from each other by 120/30 = 4 slots. 
Hence if slot 1 is taken as tlie start of pliase I, then phase II must start 
in slot 1+4=5, and jihase III must start in slot 5 + 4 = 9. b,, Ib,, 
and Ilbi are then the beginnings of the three phases, b-, Ib, Hb also 
could be taken as the l)(‘ginnings of the tliree phases since tliey also are 
displaced liy 120 elect rical d(‘grees. Note that 
it is the displacement of th(* beginnings of the 
phases ))y 120 electrical degrees which makes 
t he sequence of the phases I, III, 11, Fig. 21-1. 

For any instant of time, the direction of cur¬ 
rents or ernf’s in the windings can be found for 
alternating cuiTcnt in the same way as for di¬ 
rect current. However, the currents or emf’s in 
the three phases are displaced in time phase 
from each other by 120 electrical degrees. For 
example, if the instant is chosen when the cur¬ 
rent in phase I is a maximum, Fig. 21-2, the 
current in the other two phases, II and III, is 
^ tlie magnitude of the current in phase I and 
flows in the opposite direction, i.e., if the cur¬ 
rent in the coil group b of phase I flows from to !&, the current in 
the coil group lb Ib of phase II flows from Ib to Ila and in the coil 
group Ilb IIb> of phase III from Hb. to Ilb. Further, it is important to 
note that 2 upper (or 2 lower) conductors which lie a pole pitch (in the 
considered example, 6 slot pitches) apart carry currents of opposite 


T.L. 



the direction of current in a 3- 
phase windinj? for a fixed instant 
of time. 
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directions. Tims if tlie arrow goes upward in upper conductor 1, it must 
go dowiiwnrd in upper conductor 1 + (5 = 7. 

In Fig. 21'1 \h(\ curient directions are shown corresponding to the 
instmit of tinu* assumed in Fig. 21-2. Note that in a 2-pole winding half 
of the conductors carry curnails shown l)y an upward arrow followed l)y 
the othei* Imlf which carry currcaits downward. In a p-pole winding this 
change oc(*urs j)/2 times, see Fig. 3-7. 

For a series (‘oruK^ction of 1h(‘ coil groups of a phase, two coil ends 
which carry current in oi)posite directions have to be connected with eacli 
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other; on the other hand, for a parallel connection of the coil groups, ends 
carrying current in th(' same direction have to be connected together. 
Therefore, for a sta-ies connection h, is connected to Id in phase I, II^ to 
Ild in phase 11, and lib, to IIIj in phase III. For a parallel connection of 
the coil groups is connected to Ij, and I^ to Ic iu phase I; Ila to lid and 
life to Hr in phase II; etc. 

The coil span in Fig. 21~1 is equal to a pole pitch (= 6 slot pitches) and 
the winding is full pitch. Normally, 2-layer windings are chorded (/rac- 
tional pitch). Chording lias an advantage in that the shape of the emf 
induced in the winding and the mmf produced by the winding is closer to 
a sinusoidal curve than in a full-pit(*h winding. Fig. 21-3 shows one 
phase of a 4-pole 2-layer chorded lap winding with q = 2 slots per pole 
per phase. Upper coil side 1 is connected with lower coil side 6 (not mth 7 
as in Fig. 21-1). The coil span is equal to 6-1 = 5 slot pitches. The chord¬ 
ing is equal to 1 slot pitcli. Fig. 21-4 shows the complete winding. There 
are p X m — i X 3 coil groups. The four coil groups of each phase are 
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connected in series, leaving two leads for each phase. The directions of the 
currents shown in the leads correspond to the instant of time when the 
current in phase 1 is a ma.ximuni, see Fig. 21-2. 

The end-windings as shown in Figs. 21-1, 21-3, and 21-4 are aw'ay from 
the iron. In smaller machines the coils liave a rectangular shape with 



21-1. 7'hrt^t‘-j)hMS(*, 4-pc)lc, 2-layor frartionul-pitcli laj) winding witii twd per polo 

per ph:i.Hc. 


round ends and the end-windinp;s lie directly at tlie iron, Fif*;. 21-5. In 
larger machines the coils are diamond-shaped, as shown in Fig. 21-<). 
Tliis coil has 7 turns (7 conductors per coil side) and eacli conductor 
consists of 2 parallel strands. 

Tlie general considerations outlined in the prec(iding for 3-phase lap 
windings also hold for 2-phase lap windings. Tlie only difference is that 
the 2-phase winding has 2p coil groups while the 3-phase winding has 3p 
coil groups. 

(b) Polyphase wave windinys. Fig. 21-7 shows one phase of a 4-pole, 
3-phase, 2-layer wave winding with (/ = 2 slots per pole per phase; 
Fig. 21-8 shows the complete winding. If this winding is compared with 
the lap winding in Fig. 21-4, it is evident that fewer end connections are 
necessary. While tlie diamond lap winding has loops on both ends of the 
coil, Fig. 21-T), tlie wave winding has a loop on only one end; on the 
connection side of the coil th(‘ ends go in different directions. Fig. 21-7. 

(c) Single-phase windings. The single-phase winding is used mostly in 
the stator of single-phase, fractional-horsepower, induction motors (see 
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Chap. 31). It is dehigned in the form of the hand or mould winding, 
Fig. 21-9, or the skein winding, Fig. 21-10. The single coils are con¬ 
nected in groups as in the poljphase windings, but the coils belonging to 
a group have different coil spans, Fig. 21-9. There are as many coil groups 
as there are poles. 



Fia 21 5 Stutor of binall induction motor in jirocFSs of \Mndinp 



Fig 21"i) Diainonci coil 
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In the hand winding, tlie wire is placed in tlie slot one turn at a time, 
starting with the inner coil (coil with the smallest span). In the mould 
winding, the coils are first w^ound on a mould and then placed in the slots. 
In the skein winding, a skein of wires is looped a number of times through 
the slots to form a pole. 



I'u;, 21-11. Mould winding diagram for a single-phase, 4-pole motor with 30 slots. 

Main winding only. 


Single-phase induction motors hiiv(‘ two single-phase windings, the 
main winding and the slariing ^vinding, see Art . 33-1. For the main wind¬ 
ing, ari}^ one of the three kinds of windings discussed is used; for the 
starting winding, the skein winding is preferred. 

Fig. 21-11 shows the diagram of a mould winding for a 4-pole motor 
with 30 slots. Only the main winding is shown. There are p = 4 coil 
groups eacli with 4 coils of different coil spans. Notice that the winding is 
not placed in all slots. 
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Fifi. 21-12. Winding distribution for a single-phase 4-pole motor with 36 slots. 


Figs. 21-12 and 21-13 show the winding distribution and winding 
diagram for a 4-pole 30-slot motor with a sktMn winding. The numbers in 
the second row of Fig. 21-12 indicate the number of times t h(' loop of the 
skein passes through the slot. The numbers in the third row indicate the 
same for the starting winding. Fig. 21-13 shows the main winding only. 
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Here, also, each of t he two windings is placed only in a part of the slots. 
Tlie axes of the two windings are displaced by 90 electrical degrees. 

(d) Squirrel-cage vrindings. The rotors of most induction motors have 
squirrel-cage windings. These windings have solid, uninsulated bars in 



Ei(i. 21 13. iSkdn winding; (‘<nT(\sp<mding to Iho winding distribution of Fig. 21 '12. 

M.’iin winding oidy. 


the slots and an* conn(*cted on (‘ach end of the rotor I)y a short-circuiting 
ring. In small rotors (up to 110 IIP) the liars and rings are usually die-cast 
with aluminum, 1^'ig. 23~7; in larger rotors the bars are usually made of 
copp(‘r, Fig. 21-14. 



Fia. 21-14. Coinplote squirrcl-tage rotor of a large induction motor. 
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PROBLEMS 

1 . Draw the developed winding diagram of a 3-pliaso, 2-layer lap winding for a 
4-pole machine with 3 slots per pole j>er ])hase and a 77.8% ehording. 

2. Repeat Problem 1 for a wjive winding. 

3. Draw the developed winding diagram of a 2-phase, 2-layer lap winding for a 
4-pole machine with 4 slots per pole ]>er ])hase. Chording is 87.0^";. 

4 . A 2-pole, 24-siot, single-phase motor has the following winding distribution: 
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Draw the main winding diagram for the skein winding. 

5. Draw tlie main winding diagram for a. mould winding for the L.t.toi* of Pro))lem 4. 
Tlie numbers in the table indicate in this case tin ratios of turns ii’ t'^e individual coils. 

6. Suggestions for further armatur(‘ winding layouts for 3-phas(* maidunes are: 



poles p 


rliordiny 

winding 

a. 

p 

♦) 

'■'i.c;;, 

la,) 

b. 

. (> 

2 

83.3 

lap 

(•. 

. () 

2 

83>.3 

wave 

d. 

. i) 

4 

83.3 

la,. 

(:. 

. () 

4 

75 

wa ve 

f. 

. 8 

2 

83.3 

lap 

g. 

. S 

3 

77.8 

wavi* 











Chapter 22 


EMF AND MMF OF A-C WINDINGS 


22-1. Enif induced in an a-c armature winding; distribution factor; 
pitch factor. The effective value of the emf induced in a single turn by a 
HinusoidaUy diatrihuted flux is given by Eq. 1-8 

E = = 4.44/4^10-'^ volt (22-1) 

V2 

If the coil consists of turns which He close to each other and are at all 
times interlinked with the same flux the effective emf induced in the coil is 

Ec = 4.44//fc4d0~^ volt (22-2) 

E(|s. 22-1 and 22-2 presume that the coil pitch is equal to the pole 
pit(‘h (== 180 electrical d('grees) because only in this case is the maximum 
flux interlinkage of the turn e(|ual to the total pole-flux (see Art. 3-1). 
If the coil pitch is less than the pole pitch, i.e., if tlie winding is chorded, 
th(‘ effective emf indiued in the coil will be less than that given by 
Vjq. 22-2: it will be equal to the voltage of the full-pitch coil times the 
ratio of the cross-hatched area to the total area of Fig. 22-1, i.e., times 
the ratio 



11" is the coil span in units of r (inches or slot pitches). The factor 

kp = sin — ^ (22-3) 

is called the pitch factor of the winding. When the winding is not chorded 
(full pitch), then W = t and kp = unity. The pitch factor is less than 
unity in all chorded windings. Taking into account the pitch factor, 
Eq. 22-2 for the emf induced in the coil is 

Ec = 4.44/«,Av^l(r« volt 
200 


(22-4) 
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Consider Fig. 21-1, or Fig. 21-4, or Fig. 21-8: each phase consists of 
as many coil groups as there are poles. The coil groups are shifted witli 
respect to each by a pole pitch (180 electrical degrees) and, therefore, lie 
in flux densities (fi) of the same strength. In Fig. 21-1, for example, the 
upper coil sides 7 and 8 of the second coil group of phase A are each 
shifted one pole pitch (=6 slot pitches) with respect to the upper coil 
sides 1 and 2 of the first coil group of this phase; also the lower coil sides 
(1,2 and 7, 8) of both coil groups are shifted with respect to each other 
by one pole pitch. Fig. 21-1 refers to a full- 
pitch winding. However, the .same is also true 
of chorded windings (see Fig. 21-4): the upper 
coil sides of all coil groups are shifted with re¬ 
spect to each other a pole pitch and the lower 
coil sides, considered by themselves, are also 
shifted a pole pitch. It follows, therefore, that 
t he corresponding coil sides of all coil groups 

lie, at any instant of time, in flux densities {B) 22 - 1 . Explanation of the 

of the same strength and that the magnitude pitch fmttor. 

and the time phase of the induced cmf are the 

same for all coil groups. Therefore, it is sufficient to determine the emf 
induced in one coil group in order to know the cmf induced in the total 
phase, for the winding of a phase consists of the scries or parallel connec¬ 
tion of its coil groups. 

I’]q. 22-4 refers to a single coil. coil group consists of g (= number of 
slots per pole per phase) single coils connected in scries. The magnitude of 
1 he induced emf is the same for all individual coils of a coil group. How¬ 
ever, the time pha.se is not the same, because the individual coils of a coil 
group lie in different slots and therefore their emf’s are shifted with 
respect to each other. The time phase shift between the emf’s of the 
individual coils is equal to the angle between two slots (in electrical 
degrees), i.e., to the angle a = {p X 180)/Q = 180/mg. The re.sultant emf 
of a coil group is therefore not equal to the algebraic sum of the emf’s of 
all single coils, but to the geometric sum of 1,he.se emf’s. 

Consider as an example a 3-pha.se winding with g = 4. The angle 
between two slots is a = 180/(3 X 4) = 1.5°. Fig. 22-2 shows the voltage 
polygon of the induced emf’s in the four coils of the group. Each pha.sor 
AB, BC, CD, DE is equal in magnitude and represents the maximum 
value of the emf induced in a coil {Ec). AE is the maximum value of the 
resultant emf {Er), i.e., of the emf induced in the coil group. The ratio 



resultant effective emf 
sum of effective emf’s of indi\adual coils 



(22-5) 
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is called the dislrihvlion factor. It is smaller than 1 and expresses the re¬ 
duction of the HiHultant emf of the coil group (winding) caused by the 
distribution of the turns belonging to a coil group over several (q) pairs 
of slots rather than placing them in one single pair of slots. 



I'KJ. 22 2. KxpljmMtiori of 
t li(^ (listriliut inii fuctor. 



J'kj. 22 3. Determination of the distribu¬ 
tion factor. 


Kig. 22 which is (he sanx' as Fig. 22-2, is drawn in polar form and 
yields for the distribution factor 


}. _ 


Introducing a = ISO, mg 


2H sin q - 
2 

. a 

sin q - 

2Rq sin 

, a 

q sin - 

^ 2 

. 90 

sm — 
m 


. 90 
q sin — 
mq 



( 22 - 6 ) 


(22-7) 


Imjs. 22-6 and 22-7 apply only to the polyphase windings treated in Arts. 
21-la and 21-lb. 

Eqs. 22-4 and 22 yield for the effectivc emf induced in a coil group 
of a polyphase ivindiuy: 

E, = qkuE.- = 4.440) volt (22-8) 

where 71,5 is the number of turns in a coil group (.V„): therefore, 

E„ = 4.44/.V„A jA„<t X ICT* volt (22-9) 
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Consider Fig. 21—1: if the two coil groups of a phase are eonnected in 
parallel, the emf induced in the phase is given by Eq. 22-9; if the two 
coil groups of a phase are connected in series, tlie emf of a phase will he 
twice the value given hy Ecp 22-9. Consider Fig. 21-4 or 21-8. In both 
cases the four coil groups arc connected in series and llie emf induced in a 
phase is four times the value given by lup 22-9. If the four coil groups 
were connected in two parallel parts, each part consisting of two coil 
groups in series, the emf of a phase would l)e twice the value given by 
Eq. 22-9 and, finall}% the emf of a phase would i)e that given by Eq. 22-9 
if the four coil groups were connected in parallel. 

The number of scrics-coyincctcd turns per phase will be denoted by .V. 
A is then equal to A ^ times the numl)er of coil groups connected in serif's 
and the emf per phase is 

E = 4.44/A7 jA;,l40”^^ volt (22-10) 

The quantity Nkdkp can be considered as the numl)er of ejjeetive turns per 
phase. It is smaller than tlie actual numlxa* of turns per phase A', owing 
to the distril)ution of the winding over several slots undfu' each poki and 
to the chording of the coils. The product kpka is often called t he winding 
factor. 

Some values of the distribution factor ar(‘ given in the following table: 


Slots per polo 

2 

1 

! 4 ' 

5 

1 1 
0 

8 

cc 

per phase 



1 1 


1 1 



Tluoo-phase 

0.900 

^ O.itOO 

0 958 

0.957 

0.957 

0.950 

0.955 

Two-i)hasc 

1 0.924 

I 0.910 

0.900 

i___i 

0.904 

0.90;i 

0.901 

0.900 


It is seen from this table that the distribution of the winding causes a 
turn-loss of 3.5 to 4.5% in 3-phase windings and a loss of 7.5 to 10% in 
2-phase windings. In single-pliase windings the loss is 15 to 17%. 

The preceding considerations are l)ased on tlie assumption of a sinus¬ 
oidal flux distribution. The induced emf is then sinusoidal, i.e., a sinusoi¬ 
dal function of time (see Art. 1-1). It is desiral)le that the generators of 
power stations yield a sinusoidal voltage. Harmonics in tlie power supply 
voltage produce unnecessary losses and may also interffue with telephone 
lines. In modern generating stations the synchronous generator (see 
Art. 35-1) supplies power to the distribution system. There are two types 
of synchronous generators: cndindcr rotor (turl)ine generator, Fig. 35-2) 
type and the salient pole (Fig. 35-1) type. The former type has a flux 
distribution which is closely sinusoidal. The flux distribution of the latter 
type is usually similar to that of a d-c generator (see Fig. 1-4). If this 
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latter flux distribution curve is resolved into a Fourier series, it is evident 
that the harmonic fluxes, whicii move with the same speed as the funda¬ 
mental flux but have a larger number of poles than the fundamental flux, 
will induce undesiralile emf’s in the winding of high frequency (see 
Fip 1-9). A thorough analytical investigation and also experience shows 
tliat the harmonic emf’s are small in comparison with the emf induced by 
th(! fundamental flux and can be disregarded except in certain cases, such 
as that of telephone interference mentioned above. It has been pointed 
out that chording of the coils reduces the harmonics. Also a larger value 
of q decreases the harmonics. 

It has been explained in Art. 3-1 that the d-c machine is nothing more 
than an a-c machine with a device (commutator) wliich permits a con¬ 
tinuous pick up of the amplitude of the a-c voltage. If this is true, then 
Eq. 3-C for the emf induced between the brushes of a d-c macliine must 
follow from the general Iki- 22-10 for the emf induced in an a-c machine. 
This is shown to be true if, for the d-c machine, (p X n)/120 is substituted 
for /, Z/2a for N, and unity for kp. Regarding ka, the d-c armature wind¬ 
ing between two con.secutive brushes (= 1 parallel circuit of the winding) 
is distril)Uted over a pole pitch. In the phasor diagram of Fig. 22-2 
the ratio Er/qE^ is then (‘(]ual to the ratio of the diameter of a circle to 
the length of one half the circumference, i.e., to 2/7r. This means that 
k,i for the d-c armature winding is equal to 2/t. When these substitutions 
ari^ made in Eq. 22-10 and the right side of Eq. 22-10 is multiplied by 
\/2 to account for tlie amplitude of the induced a-c emf, Eq. 3-6 for the 
d-c armature winding is obtained. 

22-2. Mmf produced by an a-c armature winding; alternating flux; 
rotating flux. Consider an elementary single-phase machine with a single 
coil (Fig. 22-4) and let the number of turns of the coil be «c and the 
current in the (>onduc<ors be i. Appl\ ing the circuital law of the magnetic 
field (Eq. 1-23) to this elementary machine, the mmf Uci is the same 
for all lines of force because each line of force is interlinked with the same 
ampere-t urns rici. Therefore, the representation of the mmf as a function 
of space around the stator betw'een the coil sides will be a rectangle 
with the heiglit Uci. 

For reasons w hich will immediately become obvious, it is expedient to 
j-epresent as a function of space not the total mmf rici but one half of it 
(«cf/2), corresponding to half a line of force, in such a manner that 
the half wiiich drives the flu.\ into the rotor is assumed positive and the 
half wliich drives the flux from the rotor into the gap is assumed negative 
(or vice versa). This yields the graphical representationshowm in Fig. 22-5. 
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If it is assumed that the iron is not saturated, then its permeability 
n is very high (see Fig. 1--8) and, for any finite value of the flux density 
B = 0.4irnH in the iron, only a very small value of field intensity H in the 
iron is necessary. This means, when the saturation is low, the path in 


t he iron contributes but little to the line integral ^ Hidl, and it can be 
a.ssumed that ^ Hidl — IJfig, i.e., rici = Ha2g {g = air gap). Since 


Bg = OAirHg, Bg =0.47^1^772^ = 0.47r(??r7’ 2)(l fif). Thus if ^ is a constant 
quantity, as is the case in all induction motors. Fig. 22-5 represents not 
only the imnf-cur\ e but, to another scale, also the flux <listribution in the 



I’kj. 22 4. Elementary 2- 
pole, single-phase machine 
with a single coil. 


Fid. 22-5. Mmf curve of the 
elementary machine of Fig. 22 4. 


gap (the B curve). The representation of the latter curve must consist 
of areas above and below tlie axis of abscissae whi(;li are etjual t-o each 
other, because the area of the B-ilistribution curve is the flux per unit 
length of the core (see Art. 1-4, Eq. 1-32) and the flux going into the 
rotor (positive area) must be equal to the flux leaving the rotor (negative 
area). Thus the representation of the mmf-curve with positive and 
negative areas, as shown in Fig. 22-5, has the advantage that it also yields 
the B-distribution curve which must contain positive and negative areas. 

If the Fourier series is applied to the rectangular mmf-curve of Fig. 
22-5, a fundamental wave and harmonic waves are obtained as shown in 
Fig. 22-45. The length of the fundamental wave is the same as that of the 
rectangular nrjnf-curve, namely, 2 t. The amplitude of the fundamental 
wave is 4/7r dmes the height of the rectangular wave, i.e., (4/ir){ncil2). 
Introducing i = \/2 / sin the equation of the fundamental mmf 
wave becomes 

\^2 4 . V 

f =- nj sin Q)t cos - x 


(22-11) 
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For a fixed instant of time this mrnf and also the B-distribiition produced 
l)y it are (‘mine functions of space (x) around the stator. For a fixed 
|K)int X, hotli the rninf and B arc a maximum when the current is a maxi- 
Mium and are zero when the current is zero. If the direction of the current 
is n*v(*rs<‘<l, ih(^ dir(‘ction of tlie rnrnf and H is also reversed. Such an 
nimf and flux are refca-nal to as aliiTnaling mrnf and altcrnaiing flux. The 
allernatinj^ flux thus can he characterized as a flux which infixed in spare 
wliile its nunprilude varies from a positive maximum to a ne^^ative maxi¬ 
mum (standin^i; wave). Such an alternatiniz; flux has already heen cori- 
siderc'd in the sinj»:le-phase transformer. 



I'h;. 212 (1. Miuf curvt* of the 2-pole, sinp;h‘-phase winding of Fig. 22 -1 with the fuiidainentul 

ami two liarinonies. 

Fig;. 22-4 refers to an elementary sing:le-phase macliine since there 
is only one coil fed l)y a sing:le-phase current. Fig;. 22-7 shows an ele¬ 
mentary 2-p()le 3-pliase machine: here three coils are displaced from each 
other ill space by 120 electrical deg;rees and it will be assumed that they 
tire fed by tluee currents shifted from each other 120° in time. Eacii of 
tlie three (‘oils will produce a rectangjular mmf as that showi in Fig. 22-0 
of which only the fundamental will be considered. The three fundamental 
waves produced by the three coils will be displaced from each other in 
space by 120° since the three coils are displaced from each other by this 
angle. Using coil (phase) I as a reference and placing the x = 0 point, as 
before in Fig. 22-0, in the axis of this voW, the three mmf waves produced 
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by the three coils are 

\/2 4 ^ ^ 

fi = ~ - nj sin (Jit cos - x 
2 T T 

/ii = ^ ^ sin {a - 120) cos j- - 120^ 

\/2 4 . . /it \ 

/in = ~ / sill (uj/ — 240) cos f a* — 240y 
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The first of these tliree e(|uations is i(lentk‘al witli that derived for the 
single coil (luj. 22-H.) 



I’lfi. 22 7. Elerncnlarv 2- 
pole 3-phase machine. 


<“0 



slants of time. 


In order to obtain the resultant mmf produced by all three phases, 
the sum fi +/ii +/111 is to be taken. Oliserving that sin a cos (3 — 
I sin (« — /?) + I sin (a + /:^) the final result olitained is: 


. 3 a/2 4 , . / , TT \ 

/ = - - — nj sin I (Jit — - X ) 

2 2 TT \ T / 


(22-13) 


The resultant rnmf contains a sine function af time and of i^pace. The 
meaning of this function can be seen readily from Fig. 22-8 which repre¬ 
sents its position around the stator (in the air gap) for three different 
instants of time. Fig. 22-8a refers to / = 0, Fig. 22-8b refers to t = ti > 0, 
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and Fig. 22-8c to < = <2 > Observe the position of a fixed point of the 
wave, for example point A, at the different instants of time: as time elapses 
this point moves to the right in the positive direction of the x-axis. This 

means that the function sin ~ ~ ^ traveling wave. 

Referring to Eq. 22-13, the amplitude of the traveling mmf wave 

( 3 V2 4 \ 

-- nj ) is a constant quantity. Thus the resultant mmf of a 3-phase 

(pobjphasc) winding is an mmf which travels around the stator (in the gap) 
urith constant amplitude. Such an mmf and the flux produced by it arc 
referred to as a rotating mmf and a rotating flux, 

A comparison of the rotating mmf or flux with the alternating mmf 
or flux shows that the former has a constant amplitude and moves around 
in the gap of the machine wliilc the latter has a variable amplitude and 
is fixed in spa(;e. 

A rotating mmf and flux can be produced in another way. Consider 
Fig. 35-1 whi(di shows the rotor of a synchronous machine. The field coils 
on the salient; poles are f(;d by a direct current. When this pole structure is 
driven by a Diesel engine or a waterwheel, the effect of its rotation is a 
rotating mmf and flux. However, a prime mover is necessary to produce 
this effect, whereas in the discussion considered above the rotating mmf 
and flux were produced by non-moving coils and polyphase currents. 
The discovery of the possibility of producing a rotating flux by non¬ 
moving coils and polyphase curi’ents was a turning point in the develop¬ 
ment of the electric niacliine, bec^ause the induction motor, which is the 
most commonly us(m 1 elect ric machine, operates on the basic principle of 
producing a rotating flux by fixed coils. 

Tlie velocity of propagation of the mmf wave represented by Eq. 22-13 
and of the flux produced by it can be determined from Eq. 22-13. Imagine 
an observer tra\*eling with the mmf wave and sitting on point Pi of the 
wave (see Fig. 22-Sc). For this observer, the magnitude of the mmf will 
always have the same value P 1 P 2 , i.e., for him the right side of Eq. 

3 V 2 4 

22-13 IS a (‘oustant quantitv. Since the factor- nJ has a constant 

2 2 TT 


value, the condition that exists for the observer is: 


sm 


constant 


and, therefoi-e. 


ust -X = constant 
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DifTerentiating this equation with respect to the velocity of propagation 
of the mnif wave dx/dt is obtained as 


dx T 

— = Cl) - 

dt T 


2fr 


(22-14) 


This equation states that the wave moves, during one cycle of the current, 
a distance twice the pole pitch, i.e., its wave length. 

For rotating machines it is customary to express the velocity of propa¬ 
gation in rpm rather than as a distance. Tlie distance (covered by the 
wave in one minute is 2/r X 60. The distance which corresponds to one 
revolution of the rotor is pr. Thus the speed in rpm is 


2/r X 60 ^ W 

pr p 


(22-15) 


Note that this is the same equation which has l)een derived for the fre¬ 
quency of the a-c emf induced in an armature winding moving with 
r? rpm relative to a pole-structure with p poles (Eq. 1-9). 

Applying the relation sin a cos 0 = 7 ^ [sin (a — /S) + sin (a + jS)] to 
Eq. 22-11, there results 



(22-16) 


Comparing this equation with Eq. 22-13, it is seen that an alternating 
mmf can be replaced by two rotating mmf^s traveling in opposite direc¬ 
tions and each having an amplitude equal to half of that of the alternating 
mmf. Use of this concept, to replace an alternating mmf by two rotating 
mmf^s, is made in the treatment of the single-phase motor (Art. 31-1). 

Eqs. 22-11 and 22-13 w^ere derived under the assumption that there 
is only one coil per pole pair per phase (see Figs. 22-4 and 22-7), i.e., one 
slot per pole per phase (g = 1 ). If there are g > 1 slots per pole per phase, 
i.e., a coil group of g coils per pole pair per phase, then the resultant mmf 
is obtained by treating the mmf given by Eq. 22-11 and also that given 
by Eq. 22-13 as phasors. This is permissible because they are sinusoidal 
functions. The phasors representing the amplitudes of the mmFs of the 
individual coils of the coil group are shifted with respect to each other 
by the electrical angle which corresponds to a slot pitch, and the resultant 
mmf is obtained by a geometric addition of the mmf^s of the g single 
coils. This is the same consideration as that applied to the determination 
of the resultant emf of a coil group with g coils (see Figs. 22-2 and 22-3). 
It leads to the introduction of the distribution fcLctor ka as given by Eqs. 
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22-6 and 22-7, and the resultant mmf is that given by Eq. 22-11 or that 
given by hiq. 22-13 times haq. 

Eqs. 22-11 and 22-13 refer to a full-pitch winding. This can be seen 
from Figs. 22-4 and 22-7 in which the coil pitch (measured as an arc) 
is (!(puil to th(! pole pit ch. If the winding is chorded, then the pitch factor 
must lie int roduced as was done for the determination of the emf of a 
chorded winding. 

Company E(is. 22-11 and 22-13. The factor f in Eq. 22-13 is due to 
the fact t liat a 3-phase winding lias been considered as an example (Fig. 
22-7). If an m-phase (m > 1) winding were considered, the factor m/2 
would appear in Eip 22-13. Multiplying Eips. 22-11 and 22-14 by qkj 
in order to includ(! the ca-sc* of a coil group with q single coils, and further, 
multiplying these eiiuations by the pitch factor A,, in order to include the 
case when the coils arc chorded, and finally introducing into Eq. 22-13 
w'2 instead of th(‘ amplitude of the fundamental of the mmf of a 
single-phase winding beconu's 

F = 0.9 n^qkakpl (22-17) 

and t hat of the polyphase winding (m > 1) 

F = OAamtirqkJi,,! (22-17a) 

?(,.7 in E(|s. 22-17 and 22-17a is t he number of turns per pole pair. The 
total number of turns per phase A is 

-V = J n,.q (22-18) 

Tiitrodiicinp: firQ from this rcniation into lu}s. 22-17 and 22-17a the ampli- 
tiidv of ihi jufiddmenial of the mmf (f a single phase winding is 

/<’ = l.S-AvA-,,/ (22-19) 

V 

and the amplitude of the fundamental of the mmf of a polyphase winding 
( m > 1) is 

F = 0.9w - k.,k„I (22-20) 

P 

Only the fundamental mmf wave has been considered throughout this 
article. The harmonies (see Fig. 22-()) ha\e been disregarded. An in¬ 
vestigation of the harmonic mmf’s in the same manner, as has been done 
for the fundamental wave, shows that a single-pliase winding produces 
harmonic alternating mmf’s and fluxes and that a polyphase winding 
produces harmonic rotating mmf’s and fluxes. The speed of the rotating 
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harmonic mmf\s and fluxes is different from that of the fundamental 
wave, Eq. 22-15. Some of the rotating harmonic mmf’s (fluxes) travel 
in the same direction as the fundamental mmf (flux) and some ti*a\'el 
in opposite directions. A 3-phase winding does not produce mmf har- 
mcaiics of the order 3 or a multiple of 3. 

The useful torque of the machine is produced by tlie fundamental 
flux. All harmonic fluxes are undesirable, especially in induction motors, 
wliere they produce not only additional losses (see Art. 2(1-1) but may 
produce vibration and noise. They may also distoit the toi‘(iue-s|)eed 
cur\ e and cause locking torques. The harmonic miuEs hicli j)ro(luce the 
harmonic fluxes must be kept as small as possible. This may be achie\'ed 
l)y a chording of tlie coils and a value of q which is not too small. Tlu'se 
same m(‘ans are also uscal to keep down the harmoni(*s of IIk' induced emf 
(se(‘ foregoing article). Chording reduces the harmoni(*s of low order (5th 
and 7tli). ShcvMtuj of the rotor or stator is very }ielj)ful for tlie nahudion of 
th(‘ influence on tlie rotor of the harmonic fluxes of high order and is used 
in small and medium-sized induction motors for this jiurpose (s(*e 
Fig. 23 -5). 


Example 22-1. A 250-11?, 2300-volt, .3-pliase, fiO-cyclo, cos (p - O.SO, 11-])ol(', 
saliont-))ol(*, wvc-connocted synchronous motor has a stjitor with S-l slots and a 2-Iay(*r 
winding; with IS conductors per slot. The coil throw is 5 slots. 

Dctcrinine the flux per pole necessary to induce a voltage of 2300 volts IxdAveen 
terminals at no-load. 


.V . !»--!< « . 252 

2 X 3 


Since q = 84/(3 X 14) = 2, kd\ 0.9GG. For the throw^ of 83.3% kpi — sin § X 90 = 
0.9G(). 


Thus kdpi = 0.934 and from F.q. 22-10 
‘>‘■.00 1 

c^ = - ^ 10^ X - - - -= 2.12 X 10« maxwells 

-y/;] 4.44 X GO X 252 X 0.934 

Example 22-2. Assume that the machine of Exami)le 22 1 has a, no-load flux density 
distribution r(‘pr(‘S(aited by: 

= 100 sin - IT — 14 sin 3 - Stt — 20 sin x -\r I sin 7 ^ x 

T T T T 

The ornf induced at no-load will now be determined on a relative basis. Let = 100. 
Then since B^/Bi — 0.14 and t^/ti = 

4>3 = 5 X 14 = 4.67 


and also 


<i>6 - J X 20 = 4 
$7 = f X 1 = 0.143 
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If n is the order of the harmonic, the distribution and pitch factors are (see Eqs. 22-3 
and 22-6) 

Wtt 

kpn - fiin n —7 kdn = — (22-21) 

^ sin n - 

JJ 


n 

1 

3 

5 

7 

kpn 


0.966 

0.707 

0.259 

0.259 

kdn 


0.906 1 

0.707 

0.259 

i 

0.259 


The ratios of the eiiif’s are, according to E(p 22-10, 


El 4>, ‘ fi ’ kdpi 100 ^ ^ 0.934 


El ’ fi * kdpi ” Too ^ ^ a934 


0.0145 


Et __ 4^7 /t kfipi 
1 4 ^ 1 f 1 k'd p 1 


0 . 11 .*! ^ 0.0671 

100- ^ o;934 


= 0.00072 


Example 22-3. The total iniiif of a 3-phase 2-pole winding with 2 slots per pole per 
phjise will be detcM-niined. It will be assumed that the winding is fractional-pitch, the 
coil span 5 slot pitches; the rnmf will be determined for the instant showm in Fig. 22 9, 
i.e., when the current in phase III is zero while in phases I and II the currents are equal 


and of opposite sign. 

The circles in Fig. 
22--10a represent coil 
sides and this figure 
shows the slot distri¬ 
bution over the two 
poles. 16, II/„ and IIU 
are the beginnings of 
the three {ihasos. 
Since the currents in 
phases I and II arc 
opposite, the begin¬ 
ning of phase II must 
be marked by a dot 

1 

m 

11 




Fiu, 22-9. Example, Fio, 22-10, Miuf-eurve of a 3-phase winding, {q * 2.) 
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if the beginning of phase I is marked by a cross. This determines the current direc¬ 
tions in the top and bottom layers around the macliine. Fig. 22-l()b is the aiiH)ere- 
conductor distribution of the winding. It is obtained by adding the currents of Fig. 
22-1 Oa, observing the signs and magnitudes of tlie iialividual currents. In the case con¬ 
sidered, the magnitudes of all currents are equal. Fig. 22-1 Oc is the total mmf of the 
winding. It is obtained through graphical integration of Fig. 22-1 Ob. The integration 
can be started at any point and a line then is drawn in such a manner that the positive 
and negative areas of the mmf curve are equal. 

PROBLEMS 

1. A 24-pole, GO-cyclc, 3-phase synchronous generator has a total of 216 slots, 18 
conductors per slot in a 2-layer winding, a 3-parallel wye connection and a coil throw 
of 0.778. If the no-load geneiated voltage is 2300 volts between terminals, determine 
the no-load flux per pole. What is the line voltage for tlie same pole flux if tlie machine 
is reconnected 2-parallel delta? 

2. For the machine of Example 22-1 determine the i>itch and distribution factors 
for the 7th, 11th, and 13th harmonics. (See Eq. 22-21.) 

3. For the machine of Problem 1 determine the })itch and distribution factors for 
the 5th, 7th, llth, and 13tii harmonics. (See Imj. 22-21.) 

4. For the machine of Problem 2, Chapter 21, determine the pitch and distribution 
factors of the llth and 13th harmonics. 

5. A 60-cycle generator is assumed to have a square-wave flux distribution under the 
poles and zero flux in the interpolar spaces. The flux per pole is 12 X 10® maxwells. 
If the coil pitch is equal to the iK)le pitch, what will l)e the voltage induced in a single 
turn (a) for a pole arc; of 75% and, (b) for a pole arc of G5%? Draw the flux and ernf 
curves for both cases. 

6. With normal excitation the ix}le flux in a 60-cycle generator is 6 X 10® maxwells 
I)er pole and is sinusoidally distributed along the air gap. For a coil pitch of unity de¬ 
termine the generated armature voltage per turn. Wliat is the form factor and shape of 
this emf? If the coil throw is 0.833, what is the cmf induced per turn? 

7. With normal excitation the i)ole flux in a 60-cycle generator is 10 X 10® maxwells 
and is sinusoidally distributed along the air gap. The armature has a 2-layer, 3-pha8e 
winding with 12 slots per pole and 6 conductors {kt slot. What is tin; emf indu(;ed in the 
winding j^er jwle if the coil throw is; (a) 1.0, (b) 0.833, (c) 0.75? All conductors are 
connected in series. 

8 . A 7500-kva, 3-phase, 25-cycle, wye-connected generator is rated to deliver its 
output at 11,800 volts between terminals. The field structure has 12 poles, and the 
armature 180 slots containing a 2-layer wdndiiig with 4 conductors per slot. All con¬ 
ductors are connected in series. What is the no-load terminal voltage when the pole 
flux is 52 megalincs j>er pole and the generator is driven at rated speed? The coil throw 
is 12 slots. 

9. Show the shape of the total mmf of the 3-phase winding of Problem 1, Chapter 21, 
for the instant of time: (a) when the current in phase I is zero; (b) when the current in 
phase I is a maximum. 

10. Repeat Problem 9 for the 2-phase winding of Problem 3, Chapter 21. 

Note —Problem 6, Chapter 21, offers added suggestions for problems on determining 
the shape of the mmf wave of 3-phase windings. 
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MECHANICAL ELEMENTS OF THE POLYPHASE 
INDLCTION MOTOll AND ITS MAGNETIC CIRCUIT 


It has Ikkhi oxpIain(‘(l in Cliaptor 2 tliat all electric* machines have 
hvo iticlispctisdhlc clcnictils, (hr vKUjnriic jinx (ind (he conductors carrying 
current (the arrnatiux*). In tlu* induction motor the flux is produced by 
th(* outer part, the* stator^ while the rotating inner part of the machine, 
the rotary is its armature. 

As in the d-c inacliine, the armature conductors arc placed parallel 
to the axis of the armatmi* or th(\v are skewed at a slight angle to the axis 
and tiie arinatun^ iron is laminated. Since tlie stator is excited by 
alternating currents which produce* rotating fluxes, the stator iron must 
also be laminate'd, 

(a) Stator. Fig. shows laminat(‘d s(*gments of large induction 

motors: .1 r(*pr(*s(‘nts a stator segment, B a segment of a sciuirrel cage 
rotor, and C a s(*gnu*nt of a phase-wound lotor. The difference l^etweeii 
these two rotor types is (‘\[)laiued later. Fig. 23-2 shows a comiilete stack 
of stator laminations for a smaller indu(*tion motor witli semi-open slots; 
the laminations of small motors are usually pun(*hed from one piece. 

The statoi* or })rimary winding of the induction motor is connected 
to a source of iniwer, is j)laced in tlie stator slots, and is completel}^ in¬ 
sulated (*orr(‘sponding to the voltage of the power supply. Fig. 23-3 shows 
the connection end of a partially wound stator, and Fig. 23--4 shows the 
complete stator for a larger motor (also see Fig. 21-5). 

(b) Rotor. The rotor or secondary winding of the induction motor 
is its armature winding. It is placed in tlie slots of the rotor. While in the 
d-c macliine both tlie field and the armature winding are connected to a 
source of power, this is not the case in tlie induction motor. Here the 
armature winding is not connected to a source of power but gets its 
power by induction from the flux produced by the stator winding—hence 
the name induction motor. 
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Kk. 23-1 Laiuinatcd s(‘pn(iits (if staloi and rotor oi laij^(‘ induction motors. 



I'Tci. 23-2. Complete stack of stator laminations of a small induction motor 
with si*mi-open slots. 
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There are two general kinds of rotor windings, one the squirrel-cage 
winding, the other the phase winding similar to that of the stator. The 



Fia. 23-3. Partially wound stator of an induction motor. 

squirrel-cage winding consists of bare bars put in the slots and connected 
together at each end by a ring. A complete squirrel-cage rotor for a larger 



Fia. 23-4. Complete stator of a medium size induction motor. 

induction motor was shown in Fig. 21-14. A laminated segment of a 
squirrel-cage rotor similar to that showm in Fig. 21-14 is shown in Fig. 
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23-IB. The slots are shallow and semi-open. This produces a definite 
speed-torque characteristic. In order to produce a different speed-torque 
characteristic, the slots and bars often are narrow and much deeper, as 
shown in Fig. 23-5, which represents a complete rotor of a small induction 
motor, equipped with ventilating fans. The slots here are skewed in order 



Fig. 23-5. Complete rotor of a Btiuirrel-rago motor with deep bare. 



Fig. 23-6. vSquirrel-cage rotor with round bars. 



Fig. 23-7. Complete squirrel-cage rotor with die-caat alummum bars, end 
rings, and ventilating fans. 
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to pnxliKiO bcitter starting p(‘rforinjiiKro and to avoid noise. Fig. 23~ (i 
shows a sqiiirrel-(‘ng(i motor witli round bars. Fig. 28-7shows a complete 
rotor of a smaller motor, in whi(;h the rotor bars as well as the rings and 
ventilating fans ar(‘ cast in aluminum. 



Fio. 23-8. Pniu l.itMr n doublp cHRo rotor. 



Fto, 23-0. Complete douMt'-capo rotor. 
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Certain deisiral)le operating characteristics can be achieved by the use 
of two squirrel cages in the same rotor. Different shapes of slots for double- 


i\' 


I'la. 23-10. Partially wounO i<>lor\vilh pliaso winding?. 

cage rotors are sliown in Fig. 2S 4. Fig. 23~S shows the rotor jHinching for 
a double-cage lotor, having twice as many slots in the upp(‘r (tage as in 
the lower one. Fig. 23-1) shows a complete double-cage rotor. 


Fig. 23-11. Complete wound rotor of a larger induct ir>n motor. 

A punching of a phase-wound rotor is shown in Fig. 23-1. Fig. 23-10 
hows apartiallv wound rotor with phase winding, and Fig. 23-11 show 9 
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Fia, 23-X6, Medium-sized phase-wound induction motor. 
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the connection to the rheostat. The phase-wound rotor is called simply a 
wound rotor or also slip-ring rotor. 

F'ig. 23-12 shows a cutaway section of a squirrel-cage induction motor, 
totally enclosed type, fan-ventilated. The flow of air for this motor is 

TABLK 2.3-1. HORSKPOWER AND SYNCHRONOUS SPEED RATINGS FOR 


OENERAIi-PURPOSE I’OI.YPHASE INDUCTION MOTORS 


Cycles 

60 

60 

60 

(K) 

60 

60 

60 

25 

25 

25 

Hp 

Upin 

Rpm 

Rj^m 

Rpm 

Rpm 

Rpm 

Rpm 

Rpm 

Rpr.i 

Rpm 

i 









750 


i 



1200 



... 



750 


1 


ISOO 

1200 



... 


*1500 

750 


li 

•3600 

1800 

1200 

... 


... 


*1500 

750 


2 

•3000 

1800 

1200 

900 


... 


*1500 

750 


3 

*.3000 

1800 

1200 

900 




•1500 

750 


5 

•3(K)0 

1800 

1200 

<m 




•1500 

750 


u 

•3600 

1800 

1200 

\m 


• • • 


•1500 

750 


10 

•3600 

1800 

1200 

900 


600 


•1500 

750 

500 

15 

•3600 

1800 

1200 

900 


600 


*1500 

750 

500 

20 

•3600 

1800 

1200 

900 


600 


•1500 

750 

500 

25 


1800 

1200 

900 


600 


•1500 

750 

500 

30 


1800 

1200 

900 


600 


•1500 

750 

500 

40 


1800 

1200 

900 


600 


*1500 

750 

500 

50 



1200 

900 


600 


.... 

750 

500 

60 


.... 

1200 

900 


000 



750 

500 

75 


.... 

1200 

900 


600 


.... 

750 

500 

100 


.... 

.... 

900 


600 

450 


750 

500 

125 




900 

720 

600 

450 


750 

500 

150 





720 

mo 

450 


750 

500 

200 





720 

600 




500 


• NOTE — The 3600 and 1500 rpm ratings apply to squirrel-cage motors only. 


(NEMA MG9-512) 


shown in Fig. 34-2. Fig. 23-13 shows the parts of a .small 3-phase in¬ 
duction motor, witli cast-aluminum rotor, and ventilating fan. Fig. 23-14 
shows a complete induction motor, open type, and Fig. 23-15 shows a 
splash-proof motor. Fig. 23-1(5 shows a complete medium-sized motor 
with pha.se-wound rotor. 

The standard ratings of polvphase induction motors are given in 
Table 23-1. 

(c) The magnetic circuit of the induction motor. Fig. 23-17 shows (lie 
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magnetic paths of a 4-pole induction motor. Each of the four paths 
includes a part of the stator core, two sets of stator teeth, two air-gaps, 
two sets of rotor teeth, and a part of the rotor cort*. The circuital law of 
'he magnetic field (Eq. 1-23 or Eq. 4-1) is the ba.sic relation for the stud)' 
of the magnetic circuit of the induction motor as it is for the magnetic 



circuit of the d-c machine and any other magnetic circuit. Comparing 
tlie magnetic circuits of the induction motor and the d-c machine. Art. 
4-1, each consists of five teriiLs and the only dilTerence is that the term 
which represents the pole bodies of the d-c machine {2Hpl,„ Eq. 4-4) 
is to be replaced by a term wliich represents the stator teeth of the in- 
<luction motor. Otherwise the determination of the mmf necessary to 
drive a given flux through a given structure follows exactly the pattern 
shown for the d-c machine. The current in t he polyphase winding neces 
sary to produce a certain mmf is determined by Eq. 22-20. 



Chapter 24 


THE POLYPHASE INDUCTION MOTOR AS A 
TRANSFORMER 


It has been pointed out already that in the induction motor, contrary 
to other electric machines, only one machine part, the stator, is con¬ 
nected to a source of power. The rotor of the induction motor is not con¬ 
nected to any power line, but receives its emf and current by means of 
induction: energy is transferred to the rotor by means of the magnetic 
flux. This same feature also applies to the transformer, and it will be 
shown in the following that the induction motor operates on the trans¬ 
former principles. 

The stator winding of the polyphase induc^tion motor is usually 3-phase, 
seldom 2-phase. The rotor winding is either of the squirrel-cage type 
(Fig. 23-6) or wound 3-phase type (Fig. 23-11) connected to three slip 
rings. When the rotor winding is phase-wound, it must be wound for the 
same number of poles as tlie stator winding. It will be shown in Art. 24-2 
that a squirrel-cage winding automatically assumes the same number of 
poles as the stator. 

24--1. The induction motor at standstill, (a) Rotor winding open. Consider 
a 3-phase motor with a 3-phase wound rotor, Fig. 24-1, the slip rings of 
which are at first open. In tliis case the induction motor behaves exactly 
as a transformer with an open secondary (no-load). The impressed 
line voltage forces currents into the stator windings which produce a 
rotating flux. The magnitude of the currents and of the flux is such that 
Kirchhoff's mesh law is satisfied (see Eq. 12-3). There are, besides the 
impressed voltage, two emf’s in the stator circuit, one of them produced 
by the main flux^ the other by the leakage fluxes of the stator. 

As in the transformer, the main flux is that flux which is interlinked 
with both windings, i.e., the stator and rotor winding. Its path consists 
of the stator and rotor cores, stator and rotor teeth, and twdee the air 
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gap g. The leakage fluxes of the stator are those fluxes which are inter¬ 
linked with the stator winding only. The stator winding is embedded in 
slots, and its leakage fluxes are similar to those of the d-c armature wind¬ 
ing (see Art. 8-2), namely; 

1. Slot leakage flux. Fig. 8-6. 

2. Tooth-top leakage flux, Fig. 8-6. 

3. End-winding leakage flux, P'ig. 8-5. 

In a-c machines there is an additional leakage flux which does not exist 
in the d-c machine. This is the hnrmonic leakage flux. It has been ex¬ 
plained in Art. 22-2 that an a-c winding produces a fundamental mmf 




24-1. Schenmt ic diagram of a 3-phase, wound-rotor induction motor. 


wave, the length of wliicli is equal to twice the pole pitch of the machine 
2r, and harmonic mmf waves. Only tlie flux produced by the fundamental 
mmf wave produces the useful torque of the machine. The harmonic 
fluxes are parasitic fluxes and are to be considered as leakage fluxes. 
Thus for a-c windings there exists, in addition to the leakage fluxes 
enumerated under 1, 2, and 3, a fourth leakage flux, namely, the harmonic 

differential leakage flux. The designation 'Vlifferentiar^ means that the 
difference between the total mmf and the fundamental wave is to be con¬ 
sidered as leakage. The fundamental w^ave is called the main wave or 
synchronous wave. 

Only the end-wnnding flux is a real leakage flux. The three other leakage 
fluxes together with the fundamental flux constitute the total flux of 
the machine. Physically only a single flux exists in the machine, namely, 
the total flux. The division into the main flux and leakage flux is neces^ 
sary for the same two reasons which were stated for the transformer. 
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The main reason is that it is only the flux interlinked with both windings 
which transfers power from the stator or primary winding to the rotor or 
secondary winding. The second reason is that the two kinds of flux have 
paths with entirely different reluctances (see Art. 12-1). While the re¬ 
luctance of the leakage fluxes is determined mainly by air (/i = 1) 
resulting in a high reluctance path, (see Eq. 1-27), the main flux path lies 
in t he iron with a high ii and in the air gap which is small relative to the 
air paths of the leakage fluxes 1, 2, and 3. 

The fact that the reluctance of the paths of the leakage fluxes is 
determined mainly by air (/i = 1) and is therefore almost constant makes 
the magnitude of the leakage fluxes directly proportional to the current 
(mmf) producing them. This does not apply to the main flux, the path 
of which lies in the air gap and iron (see Art. 12-1). The magnitude of the 
main flux is def ermined by the mmf producing if , by the length of the air 
gap, and by the permeability of the iron. Since the last changes with the 
mmf according to the saturation curve of the iron used, the main flux 
is not proportional t o the mmf producing it. 

Referring again to Fig. 24-1 with the rotor winding open, the two emf’s 
induced in the stator winding are: (a) the emf induced by the main flux; 
(b) the emf induced by the leakage f!ux('s. Both emf’s lag their fluxes 
by 90°. As in the transformer (.see Art. 12-1) the main flux is produced 
by the reactive component 7* of the magnetizing current wliile the 
leakage fluxes ai-e produced by the total stator current which, with the 
rotor open, is only a little larger than I,,,. .Vs in the transformer, the 
magnetizing current T„ has an active component //,+,. in counter-phase 
with the emf induced by the main flux E\, which is necessary to supply 
the hysteresis and eddy-current losses due to the main flux. .Vs in the 
transformer, 

I* -f- = Im (24-1) 

As in the transformer (see Eq. 12-3), Kirchhoff’s mesh law for the stator 
winding is 

Vi -t- El - jhxi = Rr, (24-2) 

or 

Vi = —El -f jliXi + Iir, (24-2a) 

The subscript 1 indicates the primary (stator) winding. F,, Ei, 7, and 
the parameters ri and Xi are a.ssumed to l>e phase values, so that the 
voltages in Eqs. 24-2 and 24-2a are per-phase quantities. 

The relations between 7* and Ei and 7„, and Ey are the same as for 
the transformer, i.e., Eqs. 12-7 to 12-10 also hold here. 
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Tlie eiiif El induced hy the main flux in the stator winding is equal to 
(see Eq. 22-10) 

E = 4.44 volt (24-3) 

Tlie main flux induces a voltage not only in the stator winding but 
also in the rotoi* winding. The speed of the rotating flux* produced by 
the stator currents is, with respect to the stator (see Eq. 22 - 10 ), 


120A 

fls =- 

p 


(24-4) 


The speed 120/i 7 ? is called the synchronous speedy and the subscript 5 
indi(*atcs this fixed value of the speed. Generally, when the rotcr rotates 
with a speed n in tlie direction of the rotating flux, the relative speed 
lietween the rotating flux and tlie rotor winding is — fi. Since tlie rotor 
is conside‘red here at standstill n == 0 , the relative speed between the 
rotating flux and rotor is equal to i.e., the frequency of the ernf in¬ 
duced in the rotor winding is (see Eep 1 - 0 ) 


f. = = f 

fj 


Thus the emf induced in the rotor winding, at standstill, is 
Eo = 4.44 volt 


E 2 A okfi^kp'z 

El E ikfiikpi 


(24-5) 

(24-6) 


i.e., the ratio of the emf’s induced in both windings liy tlie main flux is 
eijual to the ratio of their effective turns, just as in the transformer. 

The magnetizing current Im drawn from the lines by the polypliase 
induction motor with an open secondary (rotor) is much larger than that 
drawn liy the transformer. This current is from 18 to 40% of the rated 
current in the induction motor and only 3% to 15% of the rated current 
in the transformer. The larger magnetizing current of the induction 
motor is caused by the air gap, i.e., by the higher reluctance of the main 
flux path of the induction motor: a larger minf is necessary to drive 
the same main flux through the induction motor than through the 
transformer. 

(b) Rotor winding closed. It will be assumed in this discussion that the 
rotor winding is closed but that the rotor is blocked so that it can not 
rotate. In this case the emf Ez induced in the rotor by the main flux, 

* Here and in following disc'ussiona the rotating flux means the main flux. 
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Eq. 24-5, will produce polyphase currents in the rotor winding. These 
currents 3 deld rotating mmf’s consisting of a main wave and harmonics 
just as the polyphase currents in the stator winding yield a main mmf 
wave and harmonics. Ju.st as in the stator, the harmonic fluxes of the rotor 
produced by its harmonic mmf’s are considered as leakage fluxes (rotor 
leakage), and only the main wave of the rotor is to be taken into account 
because only it crontributes to the useful torque. For this reason the rotor 
mmf considered in the following discu.ssion refers to the main wave only. 

It has been explained that the frequency /2 of the rotor currents at 
standstill is equal to the stator frequency fi. Therefore the speed of the 
rotor mmf with respect to the rotor, at standstill, is 

, 120/2 120/1 

n, =-=- = w, 

P P 

This equation .shows that the speed of the rotor mmf relative to the 
rotor is identically the same as the .speed of the stator mmf relative to 
the stator, namely, n,' = n,. Thus it follows that at standstill the mmf 
waves of stat or and rotor are stationary with respect to each other. It will 
be shown in the next article that this is also true when the rotor rotates, 
no matter what the speed of rotation. Siandsiill of stator and rotor mmf 
waves with respect to each other is a necessary condition for the existence of a 
uniform torque in the machine. 

The rotor winding is the armature winding of the induction motor. 
When currents flow in tlie rotor winding, an mmf wave is produced by 
them, and this wave reacts upon the stator mmf wave which is always at 
standstill with respect to the rotor wave. Just as in the transformer the 
secondary mmf reacts upon the primary mmf (see Art. 13-1). The reac¬ 
tion of the rotor mmf, i.e., the armature reaction, is such that it opposes 
the stator mmf and tends to reduce the main flux and Ei. In accordance 
with Kirchhoff’s equation (Eq. 24-2) the stator is forced to draw more 
current from the lines, thus compensating for the armature reaction and 
sustaining the maiji flux, i.e., the emf Ei. The terms 7iri and jliXi in¬ 
crease with increasing primary current 7i. How'ever, these terms are, in 
the normal range of operation, small in comparison with the emf induced 
by the main flux, Ei, so that the main flux varies but little in the normal 
range of operation, just as in the transformer. 

W'hen the rotor carries current, there are two mmfs in the machine, and 
the main flux is determined by the resultant mmf. The two mmf’s are (see 
Eq. 22-20): 

V 

Fi = O.Omi — k-iikpJi 

P 


(24-7) 
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and 


F 2 


0 . 9^2 — kcl2kp2l2 
V 


(24-8) 


As in the transformer, a simplification of the formulas, the phasor dia¬ 
gram, and the equivalent circuit is achieved when the secondary quanti¬ 
ties are ^^referred to the primcmf^ or, in other words, when it is assumed 
that the rotor winding is identical with the stator winding, i.e., that it has 
the same number of phases Wi and the same number of efTecti^^e turns 
Xikdikri the stator winding. 

Such an assumption will be permissible if care is taken that the referred 
quantities of the rotor are sucli that (sec Art. 13-2): 

1. The rotor retains the original value of its mmf as given by Eq. 24-8, 
i.e., the main flux is not changed. 

2. The kva of the rotor retains its original value. 

3. The PR loss of the rotor retains its original value. 

4. The magnetic energy of the leakage fluxes of the rotor {\LiP) 
retains its original value. 

Rotor quantities referred to the stator will be indicated by a prime. 
The first condition above means that the rotor current referred to the 
stator, 72 ', must be such that 


or 


V V- 

— k(ilkpi 12 == 0.97712 “■ * k(i2kp2^2 
p p 


m 2 N2kd2kp2 J 

m\ I^\k(iikpi 


(24-9) 


1 2 ' is a current which, flowing in the stator winding, will produce the same 
mmf as the current 1 2 produces flowing in the rot or winding. The second 
condition means that 

niiE/Ii = rniE2 —~ ^^ ~ m2E2l2 

77I1A ikdifCpi 

or 

E./ = = Ei (24-10) 

A \kd\kpi 

i.e., that the secondary and primary ernf’s induc-ed i)y the main flux are 
equal. This is in accordance with the a.ssumption that the numter of 
effective turns of the secondary winding is equal to that of the primary 
winding. 
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Tlie third condition means mj 2 '^r 2 = or, inserting the value 


of 1 2 from Eq. 24-9, 



(24-11) 


The fourth condition means that 


wheie — 0)1 j 12 — 2 irf]Li 2 is tlie leakage roaetance of tlie rotor at line 
fro(jueri(*y/i. Inserting into this ocjualion the value of I/, 



(24-12) 


It follows from Ivjs. 24-9 to 24 12 that the reduction factors to tlie 
primary are: 


and 


A 21^ (12^' I>2 
012 A 

nil A iA\/|/.‘pi 


for voltaj^e 
for current 


(24-13) 


///ji 

///«. 


( 


A V 


for resistance and reactance 


Since these r(‘duction factors satisfy conditions 1 to 4, calculations made 
with the referred (juantities lo'y and X 2 ' do not change anything in 
the magnetic or electric hehavioi* of the machine. 

Tlie total mmf whicli produces the main flux «I> is given b}" the geo¬ 
metric sum of the mmf's of both windings Fi and 7^2? hki[S. 24-7 and 24-8. 
This geometric sum yields the magnetizing mmf (see Eq 13-8) 


O.Omi 


Xiknk 


/O' /»! 


li + 0.9^2 


A •2^*12^ p 2 

P 


I2 = 0.97/11 


X \k(i\k pi 


(24-14) 


Substituting for I 2 the value from Eq. 24-9, the result is the same as that 
for the transformer 


Ii + !>' = I.. 


(24-14a) 


Therefore, the same considerations apply as for the transformer (see 
Art. 13-4) and Eep 13 10 and 13-lOa, derived for the transformer, also 
apply to the induction motor, the secondary of which carries current. 
However, it should not l)e forgotten that the rotor is considered here to 
be lit standstill, at wliich operating condition stator and rotor mmf’s 
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are at stanclstill with re.spect to each other. Va\s. and 13-lOa can he 

considered applicable to the machine during ninninjz; only when proof is 
jriven that stator and rotor minf's are at standstill with respect to each 
other at any I’otor speed. 

Kirchhoff’s mesh eciuations for the stator and rotor are, (see Eq. 24~2a) 

Vi = ~Ei + Ii(ri +ij*i) (24-15) 

Eo' = El = lo'Cr^' -f jx^') (24-15a) 

Tlie second equation for the rotor applies only to th.e case considered here, 
i.c., to the rotor at, standstill. 

The foregoing: considerations refer to the induction motor with a phase 
wound rotor and an external resistance in the rotor (‘hruil. Fig. 24-1. 
The same considerations also apply to tlie scjuirnTcage rotor, hut in this 
cas(‘ no external i-esistance can be inserted into the rotor; th(‘refor(\ tlie 
s(luirrel-cago rotor corresponds to the case of a wound rotor with an 
('xtcanal n^sistance equal to zero. The squirrel-cage rotor and th(' wound 
lotoi' with no external resistance behave at standstill as a transforiiKM* 
th(‘ secondaiy of which contains only its own r(‘sistanc(‘ and leakage 
reactance, i.e. as a transformer at short-circuit. For this condition the 
main flux of the transformer and induction motor is small, and t he (‘urrent 
is high and limited mainly l)y the l(*akag(^ r(‘actanccs arid losistances of 
the primary and secondary windings (see Art. 2S 2). Dvu' to th(‘ fact that 
the leakage reactances of the induction motor are much higlier than those 
of tli(* transformer, the short-cii*cuit current (current at standstill) of the 
induction motor is much smaller than that of the transformer. Tlie short- 
circuit current is 3.5 to 8 times rated current in tlie induction motor and 
7 to 40 times rated current in the transformer. 

24-2. The induction motor when running. The slip. When tlie lilocked 
rotor, with closed winding, is released, it starts rotating because the 
rotating flux exerts tangential forces on its current-carrying conductors. 
Tlie direction of rotation of the rotor is the same as that of the rotating 
flux wliich rotates at the constant spcod n.s = 12()/i/;> relative to the 
stator, i.e., at synchronous speed (Eq, 24-4). When the rotor is at 
standstill, the relative speed between the rotating flux and rotor is equal 
to the synchronous speed ris and the emf induced in the rotor is E 2 ' = Ei. 
When the rotor rotates at a speed n, the relative speed lietween the rotating 
flux and the rotor is — n. Since it is the relative speed between the 
flux and rotor winding which determines the magnitude and frequency of 
the emf induced in the rotor, the magnitude of the emf induced in the 
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rotor winding at the speed n is 


rt / _ ^8 tp f 

^2» -- ^2 

(24r-16) 

n. 

and the frequency of this emf is 


II 

(24-17) 


Tiie quantity (n, — n)/n, is called the slip, i.e., the slip is defined as: 


s 



(24^18) 


The slip gives the relative speed between the rotating flux and the 
rotor as a fraction of the synchronous speed n,. At standstill, n = 0 and 
« = 1; at synchronous speed n = n, and s = 0. At synchronous speed 
the relative speed between the rotating flux and the rotor is equal to 
zero and no einf is induced in the rotor. Therefore, there is no current 
in the rotor and no tangential force is exerted on the rotor at synchronous 
speed. An induction motor is not able to reach the synchronous speed; 
it will run with a slip sufficient enough to induce the current necessary to 
produce the tangential force and torque required by the load. The slip is 
the basic variable of the induction motor. 

Introducing Eq. 24-18 into Eqs. 24-16 and 24-17, the emf induced in 
the rotor l)y the rotating flux as a function of slip s is 

E 2 / = sE/ (24-19) 

and the frequency of this emf is 

/z — sfI (24—20) 

At standstill of the rotor (s = 1) the frequency of the rotor emf is equal 
to the line frequency; this is in accordance with the result obtained 
previously. 

Thus, for the rotor running with the speed n the quantity SE 2 ' — sEi 
is to be introduced for Eo' = Ei in Kirchhoff’s mesh Eq. 24-15a. In the 
same equation, x^' is the rotor leakage reactance at line frequency /i. 
Since, at the rotor speed n, the frequency of the rotor current is/a = s/i, 
the quantity 8 X 2 ' instead of Xa' is to be introduced for the running rotor. 
Hence Kirchhoff’s mesh equation of the rotor circuit becomes 

sEa' = sEi = I2'(r2' + jsx20 (24-21) 

Eq. 24-15a which applies only to standstill is a sp>ecial case of Eq. 24-21, 
obtained from the latter equation by setting s = 1. 
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According to Eq. 24-20 the speed of the mmf wave produced by the 
rotor, relative to the rotor is 


, ^ ^ 120/i S 


sn, — n, — n 


Since the rotor speed is equal to n, the speed of the rotor mmf relative 
to the stator is n + n,' = n,. This is the same as the speed of the stator 
mmf wave relative to the stator, i.e., rotor and stator mmf w’aves are 
stationary with respect to one another at any rotor speed n. It has been 
pointed out in the foregoing article that this is the condition for the 
existence of a uniform torque in the polyphase machine. Thm the polyphase 
induction motor is able to produce a uniform torque at any rotor speed. 
It will be seen later, see Art. 36-1, that the synchronout motor does not 
possess the ability to produce a uniform torque at any speed. 

With the proof given that stator and rotor mmf’s are at standstill 
with respect to each other at any rotor speed, just as at standstill of 
the rotor, Eqs. 24-14 and 24-14a also apply to the running motor and 
consequently Eqs. 13-10, 13-lOa hold for the running motor, i.e., no 
matter what the speed of the rotor, 

L, = I. + h' = -E.Y„. = -E/Y^ (24-22) 

El = E 2 ' = = -(!,+ h')Z„ (24-22a) 


Considering the rotor, the number of rotor poles has l)een assumed to 
be the same as that of the stator. Stator and rotor must have the same 
number of poles in all electric machines. In the phase-wound rotor the 
equality of numbers of poles is achieved simph' by winding the rotor for 


t he same number of poles as the stator. It 
has been mentioned that the squirrel-cage 
rotor automatically produces the same 
number of poles as that of the stator. 

Consider Fig. 24-2. The rotating flux is 
sinusoidally distributed as shown by the 
^-curve. This flux moves wnth the speed 
n, while the rotor rotates at speed n. With 
respect to the rotor the rotating flux 
moves at a relative speed n, — n. Apply¬ 
ing Faraday’s law' in the Blv form, the 
emf’s induced in the individual bars of the 



rifi. 24-2. Explanation of the num¬ 
ber of poles of a squirrel-cage rotor. 

squirrel cage are also sinusoidally 


distributed as shown in Fig. 24-2. In order to simplify the explanation the 
assumption will be made that the rotor speed n is close to the synchronous 
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speed n*, as is generally the ease for operation at rated output. The rotor 
leakage reaetanee 8 X 2 ' then becomes very small, and it can be assumed 
that tlie current and emf of the individual rotor bars are in phase. There- 
fore the emf's of tlie individual bars in Fig. 24-2 represent, to another 
scale, the currents of the individual bars and, if the currents are indicated 
by crosses undcu’ the positive half-wave of the B curve, they must be 
indicated l)y dots under the negative lialf-wave of the B curve. It is seen 
that the flux wave; produces a 2 -pole current distribution and hence also 
a 2-pole mmf distril)Utioii in the s(iuirrel-cage rotor. Since the number of 
poles of the flux wave is the same as that of the stator winding, the 
s(]uirrel-cag(‘ rot>or produces tlie same number of poles as that of the 
stator. 

The (Mirrenl distrilmtion shown in Fig. 24-2 repeats each pole pair. 
The emf’s of the individual bars, within a pole pair, have a time shift 
with respead. to on(‘ another which corresponds to the angle between two 
liars, i.e., tlie time shifts between the emf’s of the liars are equal to their 
spa(je shifts. Hiis means t liat a squirrel-cage rotor represents a symmetrical 
polyphase system with as many phases as there are bars in a pole pair. 
If Q 2 is the number of slots of the rotor, then m 2 = Q 2 /(p/ 2 ) and p/2 
phases are eoniu'cted in paralUd. The number of turns per phase is N = ^ 
because' each phase consists of 1 conductor. The distribution and pitch 
factors are eeiual to 1. Thus for tlie scjuirrel-cage rotor 

20 » 1 

; X., = ; = 1 (24-23) 

P 2 

These (juantities are to be introduced for the squirrel-cage rotor in Eqs. 
24-5 10 24-14. 

Dividing Eq. 24-21 by the slip 8 , KirchhotT’s mesh equation of the 
lotor lieconK's 

I 2 ' (24-24) 

which also can be written as 

E,' = E, = (r./ + jx/)h’ + (24-25) 



Comparing this equation and E(|. 24-15 for the stator with the corre¬ 
sponding mesli equations of the transformer, it is seen that they are of 
the same character and that the mechanical power of the induction 
motor can be represented as the power dissipated in a pure resistive load, 


the resistance being equal to 



i.e., the induction motor, when 
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running, behaves as a transforvicr loaded with a pure ohmic rcsisiance. 
It could be expected that the load circuit of the induction motor, con¬ 
sidered as a transformer, contains only resistance and no reactance, since 
the developed power of a rotatin^jj induction motor is a inechani(*al powei* 
which can only be represented by a resistan(*i% atid not in* a r(‘actan(*e. 

The similarity of the fundamental e(|uations of tlu' induction motor and 
tlie transformer must lead to a similarity of both tlieir phasor diap;rams 
and equivalent circuits. 

The phasor diagram of the running polyphase indiudion motor can now 
be drawn and its equivalent circuit determined, sin(‘e Ivirchliolf's mesh 
equations of both electric circuits (Ecjs. 24-2a and 24-21) and the 
equation which characterizes its magnetic circuit {h](|. 24 22) have been 
established. 


PROBLEMS 

1. Doterniine the frequency of the rotor currents in an 8-pole, h()-cy(‘le, S-phase, 
scpairel-cage induction motoi' when operating at Fj)eeds of 800, 885, 870 and 850 rpin. 

2. A aO-HP, lO-pole, OO-cycle induction motor o))(‘rat(‘s at a rated sp(‘(‘<l of 704 rpin. 
Doterniine: (a) full-load slip; (b) the nuinlxa- of s|)ac(‘ d(*grees during one cycle. 

3. For the motor of Problem 2 determine: (a) the speed of the stator mmf with 
respect to the stator; (b) the speed of the rotor mmf witli iesp(M*t to the rotor; (c) th(‘ 
speed of tlie rotor mmf with respect to the stator; (d) the differemee between speeds 
(a) and (c). Ilemembcr that the result of (d) is the necessary condition foi- the exisUaice 
of a uniform tor(iue in tlie induction motor. 

4 . A 4-pole, 3-phase, Y-connected induction motor lias IS stator slots ami 10 series 
conductors i)er slot. The coil throw is 10 slots, (a) Determine the pitch and distrilnition 
factors, (b) Determine the maximum flux jier ])ol(‘ w laui connected to a 230-volt line 
neglecting resistance and reactance dro))S in the stator winding. 

5. If the rotor of the motor describe<l in Problem 1 has a \-corm(*cted winding with 
36 slots, six series conductors i)er slot, and a coil throw oi 9 slots, determiiU! the ratio 
of transformation. 

6. Determine the emf generated in a single conductor rotating in the aii- gap of tin* 
macliine of Problem 5 at 1740 rpm. Neglect resi.stance and reactance* drops. 

7 . A G-polo, 3-phase, Y-connected induction motor lias o4 stator slots, 12 series 
conductors per slot and a coil throw of 7 slots, (a) Didermine jiitch and distrilnition 
factors; (1)) determine the maxinium flux ]>er i>ole when connected to a 230-volt line, 
neglecting resistance and reactance (Iroj)s in the stator wimling, 

8. The rotor of the motor in Problem 7 has four slots p(*r pole f)er jihase with four 
series conductors per slot. The winding is full pitch. Determine tlie ratio of transfor¬ 
mation. 

9. Determine the emf generated in a single conductor rotating in the air gap of the 
machine of Problem 7 at 1100 rpm. Neglect resistance and reactance drops. 
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PHASOR DIAGRAM AND EQUIVALENT CIRCUIT OF 
THE POLYPHASE INDUCTION MOTOR 


25-1. The phasor diagram of the poljrphase induction motor. KirchhofT’s 
mesh equations for tlie primary and secondary electric circuits (Eqs. 
24~2a and 24-21) and Eqs. 24-22 and 24-22a for the magnetic circuit 
yield the phasor diagram of (mmf’s) currents and voltages shown in 
Fig. 25-1. 

The main flux <I> is in pliase with the reactive component of the mag¬ 
netizing current The emf’s induced by the main flux in both windings, 
Ei and £' 2 ' respectively, are equal and in pliase, and lag the main flux 
by 90°. 

The active component of the magnetizing current Ih^e which supplies 
the hysteresis and eddy-current losses due to the main flux is in counter¬ 
phase with El, The geometric sum of and is the magnetizing 
current Im* In the transformer tliis current is practically equal to the 
no-load current Iq, In the induction motor, running at no-load, the 
difference between the no-load current lo and is larger than in the 
transformer. 

To 

The secondary emf E 2 ^ Ei is equal to the geometric sum of I 2 — = 




in phase with and the secondary leakage 


reactance drop I 2 X 2 which leads /g' by 90°. The angle ^ 2 # between rotor 
(secondary) current 1 2 and rotor emf E 2 is 


1^2* — t/flU 


X2 

Tz'/S 


(25-1) 


The magnitude of depends on the slip. The slip of the induction motor 
operating at its roAed torque is usually small, from 0.01 to 0.05; the larger 

•>36 
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value applies to small motors and the smaller value to large motors. 
For this slip the angle ^ 2 , is very small and the rotor current is almost 
in phase with its emf Ez'. 

The primary current 7i is found as ihe geometric sum of l„, and —/ 2 ^ 
The stator terminal voltage V\ is the geometric sum of —Ey (the counter 
emf) and the voltage drops /iri and /iXj, the former in phase with I\ and 
the latter 90° ahead of /i. 



Fia. 25-1. Phaser diagram of voltages and mmf’s (currents) of the polyphase induction 

motor under load. 


The phasor diagram of (mmf’s) currents and voltages of the running 
induction motor is identical with that of a transformer loaded with a pure 
resistance (see Fig. 14-1). The power factor angle <pi between the primary 
current Zi and primary voltage V\ is always lagging in the induction 
motor, while it can be lagging, zero, or leading in the transformer, depend¬ 
ing upon the character of the load (see Fig. 14-3). The lag of h with 
respect to Fi is caused by the magnetizing current and by the leakage 
reactance drops. Reactive current is required to sustain both the main flux 
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a.s well as Ike leakage fluxes. Iiiduclioii motors and transformers are the 
main (consumers of reactive current from tlie power lines. These reactive 
currents an* a n(*cessary evil since they do not contribute to tlie power 
lransf(‘r l)ut increase the copper losses in the induction motors and 
trarisforMKJrs, in th(* wires transferring the power and in the generators 
producing the pow(‘r. 

25-2. The equivalent circuit of the polyphase induction motor. The 

e((uival(mt, circuit of tlu* |)olyphase induction motor can be derived exactly 
in the sanu* nianiK*!' as that of th(* transformer, namely, from Kirchhoff's 
nu'sh e(}uations of both (*l(‘ctric circuits (Ecjs. 24-2a and 24-21) and from 
Imj. 24-22 which refers to the magnetic circuit (see Art. 13-4). These 
e<juations are 


Vi = —El + Ii(ri -Tj*ri) 

(25-2) 

E/ = E, = 1/ ('■•;- + ix.') 

(25-3) 

I, + 1/ = I,„ = -E,Y,„ = - 

(25-4) 

z„, 


2) 


Y— g ni jkm 

(25-5) 

^ tti “1" 

(25-0) 


where (see Art. 12 2) 
and 


are the main flux admittance' and the main flux impedance respectively. 
From Imi. 12 10, Art. 12 2, . 

= ■> , , (2o-/) 

Qm + k,n g,,,'' + Cm*' 

KirchholT’s mesli ecjiiations, h](|s. 25-2 and 25-3, can be written as 


V. = -E. + I,Z. 

E,' = E, = 

\vi litre „ , 

Z, = r, +^. 1-1 

Z/ - +j.r/ = r-.' + r/ (^-““^) + j^2' 

'riiese Iwo eijiuitioiis coinliined with Eq. 2o-4 yield 

E, = I,'Z,' = (I„, - I,)Z,' = -E,Y,„Z,' - I.Z/ 

E,(l + Y„.Z 2 ') = -I.Z/ or E, -- — 


(25-8) 

(25-9) 
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2:v) 


Therefore, 


Vi = IiZi + 




+ Y„ 


= Ii 


Zi + 


7 +Y„ 


Z, 


(25-10) 


Tlie quantity in the braekots is the total impedance of tlie polyphase 
indiK'tiori motor looking into the primary terminals. Tliis impedaiu'e'is 
the sam(' as that of the transformer (see 

Eq. 14-S). Hence the equivalent circuit r, .r, P .r,' 

of the polyphase induction motor is, in 
general, the same as that of the trans¬ 
former and is given by Fig. 14-4. The 
main difference lies in tlie expression 
for Z/: in tlie induction motor the 
n'sistance r 2 ^ is associated with the 
slip while it is a constant in the 
transformer. 

Breaking up the impedan(*es Zu Z. ., 

Zyn^ iind the admittance 1’,,, into their compoiKvnts, four idcNtiral foians of 
the equivalent circuit of the polyphase induction motor are obtained, as 
shown in Figs. 25-2 to 25-5. 


‘-„ Im \ 
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r' ’ 
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I k;. 25 2. lujuivalriit, circuit, of tlu^ 
|M>lypliMst* iiitliiclion motor. 





Fio. 25-3. Equivalent circuit of the polyphase induction motor. 


It has been pointed out in Art. 12-2 that the magnitude of x„Xhm) 
depends upon the saturation of the iron, i.e., upon the magnitude of the 
main flux 4>. Since the main flux changes little between no-load and 
full-load, Xmibm) can be treated as a constant, especially for medium¬ 
sized and larger-sized motors. 

It will be shown in Chapter 2S bow the parameters Xi, Xi, r./, x/, r,„ 
and x„, for g,,, and b„) can lie determined from the no-load and the blocked 
rotor te.sts. 
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The equivalent circuit is very helpful in making calculations with fixed 
parameters or with varying parameters, especially when the circuit is 



Fia. 26~4. Equivalent circuit of the 
polyphase induction motor. 


set up on a calculating board. It should 
be kept in mind that an equivalent cir¬ 
cuit does not necessarily represent the 
actual behavior of all parts of the ap¬ 
paratus to which it is equivalent. The 
equivalent circuit of the transformer 
does not yield the actual values of the 
secondary voltage and current but 'de¬ 
ferred” quantities. The eqTiivalent cir¬ 
cuit of the induction motor is even 


further removed from the actual behavior of its secondary circuit than in 


the transformer. The differences can be seen from the following tabulation: 


Equivalent Circuit 

1. Magnitude of the seconaary 
emf independent of the slip 

2. Secondary leakage reactance 
(constant 

3. Frequency of sc(*ondary emf 
and current equal to line fre¬ 
quency (/i) 


Actual Behavior 

1. Magnitude of the secondary 
emf proportional to the slip 

2. Secondary leakage reactance 
proportional to the slip 

3. Frequency of secondary emf 
and current equal to slip fre¬ 
quency (s/i) 



Fio. 25-5. Equivalent circuit of the polyphfusc induction motor. 


A polyphase induction motor connected to a 60-cycle line has, at rated 
load, rotor currents of 60(0.05 to 0.01) = 3 to 0.6 cycles, while the rotor 
ciurrent of its equivalent circuit is line frequencj% i.e., 60 cycles. However, 
calculations based on the equivalent circuit yield correct results. This 
is due to the fact that I 2 is not the actual rotor current but a current 
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which, flowing in the stator winding, produces the same mmf as the actual 
rotor current flawing in the rotor winding, see Art. 24-1. The substitution 
of an equivalent stator current of line freciuency for the actual rotor 
current of slip frequency is possible l)ecause the rotor mmf is at standstill 
with respect to the stator mmf at any rotor speed, i.e., independent of the 
frequenc}' of the rotor current. 

Note that, as in the case of the transformer, the phasor diagram of 
voltages and mmf’s and the equivalent circuit are derived on the basis 
of Kirchhoff’s mesh equations of Ihc electric circuits, and Eq. 25 4 which 
is based on Ampere’s law of the magnetic circuit (sec Art. 12-2). Therefore 
calculations using the basic equations directly yield the same results as 
calculations using the equivalent circuit. Formulas for the secondary 
current, primary current, primary power angle, etc., derived from the 
basic equations are given in App. 1. For performance (jalculations some 
engineers use the equivalent circuit while others use the basic formulas. 
The main advantage of the equivalent circuit is that it can be set up on 
a calculating board. 
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POWER BALANCE 
TORQUE 

OPERATION AS A GENERATOR AND AS A BRAKE 


26-1. The balance of power in a polyphase induction motor. Fig. 26-1 
sliows tlu' f)()vv(‘r (list rihiition in a pol^’pliasc induction motor. The power 
input of tlu' stator is: 

Pin — fniVJi cos watts (26-1) 


A part of tliis pow('r, th(‘ stator copper loss and the iron loss due 

to the main flux ar(‘ consumed by the stator. The balance is trans- 

ferred l)y the rotating field to the i*otor, so that the latter power is 

Prot.f = Pin - + Pk+c) (26-2) 


It can be schmi from tlu‘ (Miuivalent circuit of Fijs;. 25-2 that the power 
tlansferred by tlie rotating fi(‘ld is also eciual to 


nixE/I/ cos = niyEjf 2 cos ^ 2 * = 


7711 




watts (26-3) 


6 * 

«/'•»« is given l)y 1 m|. 25-1. 

A part of the power i^^ consumed l)y the rotor as electric power 

(/'*,). ddiis is the copper loss in the rotor It follows from Eq. 

26-3 that 


1\ = = sPr 


(26-4) 


The difference between the power transferred by the rotating field, 
Pvnt.u ^^*^<1 ffie electric power of the rotor, P«., is the developed mechanical 
power of the rotor. Thus 

Pm.a..v = Pro..f - p. = (1 - s)Pro,.f = rru (26-5) 

5 


The last expression for P„, dev also follows directly from the equivalent 
circuit of Fig. 2o”3. 
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The mechanical power delivered at the shaft (P,„doi) is less than the 
mechanical power developed by the amount of the mechanical lossc's of 
the rotor. There are three kinds of losses which are supplied mechanically 
by the rotor: 

(a) Bearing friction and Avindage losses (Bf+u ). 

(b) Losses due to the slot openings {P iron due to rotation). 

(c) Losses due to the flux harmonics {P iron due to rotation). 

The slot openings of the rotor produce a ripple in llie flux density <'ur\(', 
(see Fig. 10-1) wliich causes eddy-current and hysteresis lossc'.- on the 



Stator copper iron los.s rot 

loss duetornain rotor copper 
flux loss 


Fig. 2G-1. Balances of jmvvcr in a polyphast' ituluction motor. 

surface of, and in the teeth of, the stator. These losses are similar to 
those produced by the slot openings of the d-c arinatun' in t he pole shoi's 
of the d-c machine (see Art. 10-1). In the sanx' manner the slot, openings 
of the stator cause edd.y-current and hysteresis losses on tlx* surface of, 
and in the teeth of, the lotor. These iron lessees, due to the slot openings 
of stator and rotor, occur at no-load as well as at load. 

It has been explained in Art. 22-2 that, a polyphas(! winding carrying 
alternating currents produces, besides the main (useful) rotating flux, a 
series of parasitic rotating fluxes which travel wit h difTerent speeds, some 
in the direction as the main flux and some opposite fo the main flux. 
These parasitic fluxes cause iron losses similar to those caused by t he slot 
openings: the harmonic fluxes produced by tlx^ stator winding caus(‘ 
eddy-current and hysteresis losses on the surface of, and in the teeth of, 
the rotor; and the harmonic fluxes produced by the rotor winding, in turn, 
cause eddy-current and hysteresis losses on the suiface of, arxl in the feet h 
of, the stator. The harmonic fluxes are produced by the currents and occur 
mainly at load; they are small at no-load when the current is low. The iron 
losses due to the harmonic fluxes are frequently called “stray load losses.” 

The iron lo.sses due to the slot openings and to the harmonic fluxes are 
zero at standstill of the rotor and increase with increasing rotor speed, 
just as the frictioD and windage losses increase with the rotor speed. 
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Therefore, these iron losses are to be considered as mechanical losses, 
i.e., in the same category as the friction and windage losses. 

The mechanical power delivered to the shaft is 

Pm del = ^m.dcv ~ {PF+W + Pir.rot) ( 26 - 6 ) 

where the subscript ir.rot indicates that these iron losses are due to rotation 
(rotational iron losses). 


26 - 2 . Torque-speed characteristic of the polyphase induction motor. 
Using the basic relation of mechanics 

T = Pwattalb-ft 

n 


the developed torque of the polyphase induction motor is obtained from 
Eq. 26-5 for the developed power as 

Taev = ) 

n \ s / 

where n is the rotor speed. From Eq. 24-18 

n = n,(l — s) 

and therefore 


Tdev = ——Ib-ft 

Us S 


(26~7) 


This last equation characterizes the induction motor. It states that the 
developed torque of the polyphase induction motor is determined by the 
secondary copper loss divided by the slip. From Eqs. 26-7 and 26-3 

7.04 

Tiicv “ -Prot.fcwatts) Ib-ft (26“7a) 

ris 


i.e., the developed torque of the potyphase induction motor is directly 
proportional to the power transferred by the rotating field, 

Eq. 26-7 does not apply to the synchronous machine (see Chapter 39) 
lM?cause in the latter machine both machine parts are connected with a 
source of power. 

Eq. 26-7 yields the developed torque. The torque delivered at the shaft 
is less than the developed torque by the loss torque which corresponds 
to and Pir.rot (see Eq. 26-6). 

The fundamental equation for the torque, Eq. 26-7, has been derived on 
the basis of the equivalent circuit. The same equation for the torque can 
also be derived on the basis of the fundamental law of forces on current 
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carrying conductors in a magnetic field, see Art. 1^. This is shown 
in App. 2. 

When the motor parameters are given, /o' can be determined from the 
equivalent circuit and the developed torque, from Eq. 26-7. 

The shape of the torque-speed characteristic depends upon the magni¬ 
tudes of the machine parameters. Therefore, motors designed for different 
purposes will have parameters of different magnitudes. Three different 
shapes of torque-speed characteristics of squirrel-cage motors are shown 
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Fia. 20-2. Torque-speed curves of a polyphase induction motor — NEMA classification. 

in Fig. 26-2. Designs C and D are special designs and have the purpose 
of high starting torques, i.e., high torques at standstill (n = 0); de.sign A 
is that of the general-purpose motor, see Table 50-4, (“Characteristics 
and Applications of Polyphase 60-Cycle A-c Motors”). 

The motor of design A show's a maximum torque, called Trull-out torque, 
at a definite slip. When the load torque becomes larger than the pull-out 
torque, the motor comes to standstill. The slip of the general-purpose 
motor at rated load is small, between 1% and 5%, i.e., the speed at rated 
load is between 95% and 99% of the sjmehronous speed (the larger slip 
applies to small motors, the smaller slip to large motors). The slip at 
W’hich the pull-out torque occurs, the puU-ovi slip, is about 5 to 7 times 
the slip at rated load. 
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26 - 3 . The pull-out torque. Tlie ratio of pull-out torque to rated torque 
determines the overload capacity of the motor. The Standards of the 
NEMA preserilK! a c;crtain overload capacity for the different motor 
types (see Tiil)le .■>0-2;. In order to determine the pull-out torque, without 
calculatiriK a numl)er of points of the torque-speed curve, Eq. 26-7 can 
Ik- usckI. For this purpose- L/ must he expressed in terms of the primary 
voltages V'^i, t h(! paramet(!rs of the motor, and the slip. This can be done 
by eliminating E\ and I\ from Eqs. 2.')-2 to 25-4 as shown in App. 3. 
This yields 


1 / = E. 


V/-’ + 


m- 


(26-8) 


where 


/ = (1 + + (I -f- t,) ' ■- ; m = X| -f (1 -f 

.s 


(26-0) 

Xm S 




X m 



(26-10) 


Iiisertinj; llie valuo of 1 / from Eq. 20-8 in Kcj. 20-7 and differentiating; 
with resjK‘ct to th(‘ slip yields the pull-out slip at whieh the pull-out 
torqu(‘ occurs: 


(1 4- rQr/ 

•t’l + (1 + rx)X2 


( 20 - 11 ) 


Now in ordta- to find the i)ull-out toniue, calculate 1 / for from Etp 
20 8 or from the e(|uivalent circuit and then determine the toniue for 
•V«- f^'oni Imp 20- 7. 


26-4. Operation as a generator and brake. It has l)een pointed out tliat 
an induction motor is able to run only at subsynchronous speeds. At 
synchronous speed of the rotor tlie relative speed between the rotating 
(lu.\ and the rotor winding is zero, and the rotor enif and current are 
zero. Therefore, no torque (‘xists at synchronous speed. 

If an induction motor is driven l)y another machine and brought above 
its synclironous .speed, then, according to Eq. 24-lS, the slip becomes 
negative and the mechanical power of the rotor also becomes negative, 
(.see Eq. 2(1-5). This means that at supersynclironous speeds the rotor 
does not supply mechanical power to the shaft but consumes mechanical 
power from the shaft, i.e., the machine operates as a generator. Thus an 
induction motor, driven b>' a prime mover above its synchronous speed 
operates as an induction generator. It is a characteristic feature of all 
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electric machines that they are able to operate both as a motor and a 
generator. It is not difficult to show that the torque changes its sign when 
the rotor speed becomes larger than the synchronous speed: at a sub- 
synchronous speed an emf is induced in the rotor winding corresponding 
to the relative speed between the rotating flux and the rotor, (/i, — n). 
At synchronous speed (n = n^) this emf becomes zero because the relative 



I'Ki. 20-3. Staror and rotor currents as a function of slip for motor, gc^nerator, and brako 

operation. 

spet'd l)etween rotating flux and rotor is zero. At supers^^nchronous speeds 
(n > n^) the relative speed between rotating flux and rotor changes its 
sign as compared to subsynchronous speeds, and therefore £' 2 ^ and /j' 
cliange their signs. Since torque is determined by the product, of flux 
and armature current, see Eq. A2-2, the torque changes sign at super- 
synchronous speed. This also follows directly from Eq. 20-7 in which 
s is negative for generator operation. 

Note that the equivalent circuit and all equations of the induction 
motor which contain .s as a variable also apply to the induction generator 
when the slip is introduced with a negative sign. 

There is still another kind of operation of an induction motor. Assume 
tliat a 3-phase motor runs with a certain speed and that the connections 
to two of the three power lines are suddenly interchanged. This changes 
the direction of rotation of the rotating flux and the rotor is now running 
opposite to the direction of the rotating flux. Therefore, the rotor speed n 
appears in Eq. 24-18 for the slip with a negative sign, with the result that 
the slip becomes larger than 1 and positive. Considering Eq. 26-5 the me¬ 
chanical power of the rotor is now negative, as in the case of the induction 
generator, i.e., mechanical power is supplied to the shaft. However, since 
there is no prime mover, this mechanical pow(*r can be taken only fi’om 
the kinetic energy of the rotating mass and this mass will soon come to a 
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standstill. After coming to a standstill the machine again operates as a 
normal induction motor; it accelerates in the direction of the new rotating 
flux to a subsynchronous speed corresponding to the load torque. It is 
evident that during the period from the interchange of line connections 
to standstill of the rotor the machine operates as a brake. This operation 
is known as plugging. Plugging of induction motors for the purpose of 
stopping, or of stopping and reversing, is used frequently. 



Fiu. 2t>“4. "^^rorque and mechanical power at the shaft as a function of slip for motor, genera¬ 
tor, and brake operation. 


Curves which show the current li and I 2 ' as a function of slip for 
motor, generator, and brake operation are shown in Fig. 26-3. Both 
currents change little at high slips. At s == 0, /i = Iq. Fig. 26-4 shows the 
torque T and the mechanical power at the shaft, Fm.dei, as a function of 
slip for motor, generator, and brake operation. T and Pm.dei are negative 
at negative values of s (generator operation). T is positive for all positive 
values of s but Pm.dci changes its sign for s = +1 where the range of 
operation as a brake starts. This will be demonstrated once more in 
Chapter 27 which deals with the circle diagram of the induction motor. 

Bzample. A 3-HP, 440/220-volt, 3-phase, 60-cycle, 4-pole, 1750-rpm squirrel- 
cage induction motor has the following data and parameters. The data and parameters 
given will be determined later, in Chapter 28, from a no-load and a locked-rotor test. 

(a) Parameters for starting 

fi — 2.69 ohms == 0.0311 p-u 
r 2 — 2.79 ohms * 0.0322 p-u 
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Xi = X 2 ^ = 3.40 ohms = 0.0393 p-u 
Xm = 103 ohms = 1.19 p-u 
r ,4 = 3.6G ohms = 0.0423 \y-\l 

(1)) Parameters for runnim} 


Tt = 2.69 ohms = 0.0311 j>u 
r-/ = 2.14 ohms = 0.024S jku 
Xi = 4.36 ohms = 0.0505 f)-u 
j / = 4.50 ohms = 0.052 f>-u 
Xm = 103 ohms = 1.19 p-u 
= 3.66 ohms = 0.0423 p-u 

{The difference between starting and running |)arametcrs is explained in Chapter 28.) 

It is required to determine the performance at start and during running conditions. 
The friction and windage loss is 44 watts, total no-load iron loss (due to main flux and 
rotation) 122 watts, and the stray-load loss 48 watts. The no-load current is 2.36 amp 
at 440 volts. Assume iron loss due to main flux equal one lialf of total no-load iron 


losses. 


(a) Starting performance: 

'K-r')- 

Z, = 2.69 +i3.40 = 4.33 /51.6 
Z/ = 2.79 + j3.40 = 4.40 /50.6 
Z„ = 3.66 +il03 = 103 /87.96 


from Eq. 2.5-10 


254 /0 





-MCI 

Zm Zi'j 


Ooruab) 


254/0 
8.59 /5C 


29.6/-51.8 


1 / 

1/ 

1/ 


Ii X 


Z„ 

z„ + z/ 


29.6 /-51.8 X 


103 /87.96 
6.45 + jl06^ 


29.6 /-51.8 X 


103 /87.96 
107.5 /86.56 


28.4 /—50.4 amp 


Tatmrt 


7 04 

— X 3 X (28.4)2 X 2.79 = 26.4 Ib-ft 
1800 
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(b) Running performance: iissume s = 0.03 

ri 




Z, - 2.(>!) + i4.3fi 


= 69.2 iihms 
= 5.13/.5S.3 


Z./ = (2.14 + 69.2) + j4..50 = 71.4 ,3.60 
Z„ - 3.66 + jl03 = 103 /S7.96 


from lOq. 25-10 


I, = 


254,0 


Z, + 


za-l 


2.54^) 
60.8 / 38.2 


Z„ + Zf 
= 4.18 /-38.2 

Input power factor = co.-^ 38.2° = 0.785 
I/ = I, X 


Z„ -I- Z/ 
= 4.18 ,'-38.2 X 


103 /87.96 


103 ,'87.96 -p 71.4 -3.60 

, 103 /87.96 

= 4.18/-38.2 X - .— 

^-131 /55.5 

= 3.28 ' — 5.74 anq) 

r.i.v - - X 3 X (3.28)!* X = 9.0 Ib-ft 

1800 0.03 

Mochuniciil loss-toniue = X (4S -f- 44 -f 61) = O.dO Ih-ft 
ISOO ^ ^ ^ ^ 

7\u., - Taev - T,o»» = 8.40 Ib-ft 

P()\v('rinput = 3 X 254 X 4.IS X 0.785 = 2500 watts 
Losses 

= 141 watts 

mxli'hl = ()9 

no-load iron (main flux and rotation) = 122 

stray load = 48 

friction and windajzie = 44 

Total loss 424 watts 


Power delivered = 2500 — 424 = 2076 watts = 2.78 HP 


. 2076 

Lfliciencv = - = 0.83 

2500 
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Slip 


Speeci 


Tdii 


m 

2500 - 041 -h 1)1) 


—— 0.03 (check) 
2208 


120 X 00 

=---(1 -- 0.03) = 1746 rpm 

4 

5950 

- X 2.78 = 8.40 Ib-ft 
1746 


whicli checks with value j)revioiisly determined. 

It should he noted that normal sli]) is slightly greater than 0.03 since the cak ulated 
output for 5 = 0.03 is 2.78 IIP. An approximation of the normal slip is; 

.S„ = ■— X 0.0;{ = 0.032-1 
2 . 7 s 


Froni Ivp 20-11 

l)ull-out slip 


1.042 X 2.14 


4.36 -f 1.042 X 4.50 
at .S' - 0.240 fai'J 


0.240 


= t'r)0 


Z/ = (2.14 + «.')«) +i4.50 = 9.81 /27.3 
2.')4 0 2.>l /0 


Zi “h 


i4.1 41.1 

Zrn VZ^ 

Z„ 


18.0/ - 41.1 


I./ = I, X _ -fV' = 

T„ o = ' - - X 3 X (17.2)2 X ——- - 30.2 Ib-ft 
' I.SOO 0.246 


3 0 

Normal torque = ^ ; X 8.40 == 9.05 Ih-ft 

2.78 

^ 20.4 
Tn 9.05 

Tpo. 30 2 


= 2.92 


' " = 3.36 
Tn 9.0 


PROBLEMS 

Parameters for the starting and running performance f(»r three 3-i)hase scjuirrel-cage 
induction motors are listed below. All values are given in olims ])er phase. Also in¬ 
cluded are the friction and windage, no-load iron, and stray-load losses as a fraction of 
the output rating. Assume the iron losses due to the main flux = ^ (total no-load iron 
losses). 




252 


D C AND A C MACHINES 


Determine the complete starting and running (.s = 0.025) performance for each 
motor. 

Problem 1 Problem 2 Problem 3 

10-HP 15-HP 20-HP 

220-volt 220-volt 440-volt 

2-pole 4-pole 6-pole 

60-cycle 60-cycle 60-cyclc 


Starting: 

ri. 0.142 0.138 0.259 

rs'. 0.188 0.121 0.352 

xi-xz' . 0.350 0.233 0.842 

Xm . 11.7 8.64 20.7 

Tm . 0.194 0.130 0.390 

Running: 

r^ . 0.142 0.1.38 0.259 

r./. 0.168 0.J04 0.324 

x^ . 0.421 0.281 1.04 

X2 . 0.440 0.302 1.17 

Xm . 11.7 8.64 20.7 

fm. 0.194 0.130 0.390 


Losses: 


Friction and windage 

No-load iron. 

Stray-load. 


0.015 

0.02 

0.02 


0.01 

0.024 

0.015 


0.008 

0.024 

0.015 

















Chapter 27 


CIHCLE DIAGRAM OF THE POLYPHASE INDUCTION 

AIOTOR 


27~1. Determination of the circle diagram. The same equations of botli 
(‘lo(*tric (drcuits and of the magnetic circuit (Eqs. 25-2 to 25-4) which led 
to the phasor diagram of mmf’s and voltages and to the equivalent 
circuit of tlie polyphase induction motor also lead to the geometric locus 
of the end-point of its primary current. 

Consider Eq. 25-10 derived from the basic equations mentioned above. 
The (juantity in the brackets of this equation represents the total im- 
pedaiu^e of the polyphase induction motor looking into its primary termi¬ 
nals. Eq. 25-10 can be written as 

I, = V,Y, = - A) (27-1) 


where Yt is the total admittance, gt the total conductance, and ht the 
total susceptance, looking into the primary terminals, gt and bt are func¬ 
tions of the six parameters of the machim^ and of the slip. 

Assuming tlie real and imaginary axes as shown in Fig. 27-1, and further 
introducing a Cartesian system of coordinates y'y so that y' lies in the 
real axis and x' lies in the imaginary axis, and placing 
the phasor Vi arbitrarily in the real axis, 

Vi = 7i (27-2) 

Ii = 2/' ~ jx' (27-3) 

In tlie latter equation, //' and x' are the coordinates of 
the end-point of /i. It follows from Eqs. 27-1 and 
27-3 that 



2 /' = ViOt = h 
x' = Vibt = ^2 


(27-4) 

(27-5) 


Fig. 27-1 Derivu- 
lion uf circle dia¬ 
gram. 


where and ^2 are two different functions of the six parameters and the 
islip. Eliminating the slip s from Eq. 27-4 with the aid of Eq. 27-5, or vice 
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versa, a quadratic equation for y' and x' is obtained (see App. 4) which is 
the equation of a circle, showing that the end-point of the primary cur¬ 
rent Ii moves on a circle. Using the rules of analytic geometry, the 
coordinates of the center-point and tlie radius of the circle can be deter- 
mincKl. Having the coordinates of the center-point C, the angle (a) whic-li 
the imaginary axis makcss with (he line connecting the origin of coordi¬ 
nates and tlie center-point (J (Fig. 27-2) can l)e determined: 


y/ __ 

X,:' X,„(i -t- 2 r, + T.jj 


( 27 -(i) 


Ti and t 2 arc given by Eep 2(5-10. 

In practical problems, two points of the circle are given either by test 
(see Chapter 2<S) or Icy computation. These points are t he no-load point 
/\) and the short-circuit (locked-rotor) point. P/, (Fig. 27-2). /\) coitcv 
sponds to the current /(, which the motor draws from the lines at no-load; 




Fig. 27-3. Construction of the circle 
diagram. 


P/, correspoiuLs to the current which the motor draws from the lines at 
standstill (rotor locked). The perpendicular ))isector />/>' (Fig. 27-3) 
of the line wliich connects and must go through the center-point 
of the circle. Since the center-point must also lie on the line OA which 
makes the angle « (Faj. 27-()) with the iniaginarv axis, the perpendicular 
bisector DD' intersects the line 0.1 in the center-point. Thus tlie circle on 
which the emlpoint of /i moves is determined by the no-load and short- 
circuit (locked rotor) currents and by the angle a. 

Each point of tlie circle corresponds to a certain value of tlie primary 
current I\ and therefore also to a certain value of the slip s. 

Notice that a increases with increasing primary resistance. In larger 
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maohines, a is small, and the center-point can be assumed to lie on the 
imaginary axis. 


27-2. Developed-mechanical-power line and delivered-mechanical-power 
line. There are four characteristic points on the circle. Tliese are: the 
no-load point and the points which correspond to n = 0, .s == 1 and 

'X . 

,s = 0 means n = i.e., the rotor runs synchronously ^ith the 

rotating flux and the rotor current is zero (see Art. 2t)-4). It lias bt^en 
explained that the rotor is not able to achieve this speed by itself but 



must be brought up to this speed l)}^ another machine, and this machine 
will have to supply th(? mechanical losses of the rotor, i.e., the friction 
and windage losses and the rotational iron losses. The active component 
of the stator current at s = 0 is smaller than that at no-load (/o cos v^o) 
t)y the amount corresponding to these losses. The point on tlie circ'le which 
corresponds to .s = 0 will be denoted by Pi/, It lies on the circle below the 
point Pq (see Fig. 27-4). 

s = 1 means n = 0, i.e., standstill (locked rotor). Consider the 

1 — s 

equivalent circuit. Fig. 25-3 or Fig. 25-5. The resistive load-^ 2^^2 

s 

which represents the developed mechanical power is zero at s = 1, i.e., 
the mechanical power is zero. This is in agreement with n = 0. The 
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1 — .S 

resistance —’ r 2 which corresponds to tlic load is zero, and the motor 
8 

draws a large current from the lines, limited practically only by the 
resistances and leakage reactances of both windings (see Art. 28-2). The 
point of the circle which corresponds to s = 1 has been denoted by P /, 
(Figs. 27 -2 and 27-3). 

At 5 = 0 the rotor current is zero and the developed mechanical power 
of the rotor is zero. At s = 1, n = 0 and again the mechanical power is 
zero. It can be shown that if a straight line is drawn through the points 
Po' and Pl (Fig. 27-4), the distance from any arbitrary point on th(' 
circle to this line is proportional to the mechanical power developed at 
the stator current or slip which corresponds to this point of the circle. 
Thus for the point A of the circle (Fig. 27-4), i.e., for the current OA 
and the slip which correspond to the point A, the developed-mechanical- 
power is proportional to the distance AB. The line through Pq^ and 
Pl is called the devcloped-mcchardcaUpower line (Pm.dev-Line). 

The developed-mechanical-power is positive for the part of the circle 
which lies above the P„,.dev-Line and is negative for the part of the circle 
which lies below this line. Tliis means that meclianical power is available 
at tlie shaft, and the machine operates as a motor on the part of the circk' 
which lies above the P,„.dov“I^ine; inversely, the machine accepts mechani¬ 
cal power from the sliaft and operates as generator or brake on the part 
of the circle below the Pm.dov-Line. The range of operation as a brake will 
be discussed below. 

At no-load the developed-mechanical-power of the motor is equal to its 
mechanical losses (friction and windage losses and rotational iron losses). 
At no-load the mechanical power delivered to the shaft is zero. The 
delivcred-mcchanicaUpowcr line, P^derLine, is obtained with good 
approximation by drawing a straight line parallel to the P^ dev-Line 
through the no-load point Pq (Fig. 27-4). The distance from any point on 
the circle to the Pnv.aci-Line is then proportional to the delivered mechan¬ 
ical power. The P„,.doi-Line thus drawn applies only up to the maximum 
value of Pm. del; the point on the circle corresponding to maximum Pm.dei 
and maximum Pm.dev is determined by the tangent to the circle which is 
parallel to the Pm.ad and P^ dov lines. 

27-3. The torque-line and the slip-line. Of interest is the point on the 
circle at which s = i . Consider the equivalent circuit, Fig. 25-3 or 

1—5 

25-5. The load of the induction motor,-which represents its 

5 

developed mechanical power, is the same at s = -f « and s = — «, 
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namely, This means that s = + oo and s = — oo are repre¬ 

sented by the same point on the circle. The developed mechanical power 
at this point is negative, i.e., mechanical power is supplied to the shaft. 
The magnitude of this mechanical power supplied to the machine is equal 
to which is equal to the copper loss in the rotor. This means that 

at s = ± 00 the rotor copper loss is supplied from outside and that the 
roiating field does not transfer any power to the rotor. Since the power trans¬ 
ferred by the rotating field to the rotor is proportional to the torque on 
the rotor (see Art. 26-2), the torque on the rotor is zero at s == ± oo. 



The torque on the rotor is also zero at s = 0, because at s = 0 the rotor 
current is zero. Thus the circle points at which s = 0(PoO 
s = ± oo (P^) are those at which the torque is zero, and it can be shown 
that when a straight line, the Torque-Line, is drawn through these two 
points (Fig. 27-5), the distance from any circle-point to this line repre¬ 
sents the developed torque of the machine for the point considered. Thus 
in Fig. 27-5 the distance AC from point A on the circle to the raev-Line 
represents, to a certain scale, the developed torque of the motor at the 
slip or the primary current which corresponds to the point A, If a tangent 
BB' to the circle is drawn parallel to the Taev-Line, the distance A'C^ 
represents the pull-out torque (maximum torque) of the motor. 

The circle-ppjjit can be found approximately in the manner de- 
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scribed below. Observe first that the distance from any point on the circle 
to tlie imaginary axis is /i cos <pi and, therefore, a measure of the power 
input (or power output) of the stator. The imaginary axis can be called 
the power-input Line. Consider Fig. 27-5. The distance P^F is the 
developed mechanical power at .s = it <», i.e., Pj^F is equal to 12 ^2 * 
The distance P^l) is the power input of the stator at s = + oo. Consider 
further the equivalent circuit Fig. 25-4. At s = 1 the secondary imped¬ 
ance (r 2 ' + JX 2 O iHuch smaller than the main flux impedance 
and only a little magnetizing current flows through the latter impedance. 
This means that at s = 1 the main flux is small, and the iron losses due to 
tlie main flux are negligible (see Art. 28-2). The same applies to other 
points on the circle for wlii(‘h the slip is large. Therefore, the power input 
at .s = zb 00 consists mainly of the stator copper losses /iVj, and no 
power is transferred to the rotor by the rotating flux. It then follows that 
the distance FI) (Fig. 27-5) is divided l)y the point in the ratio 
12 ^2 {PfP) to /iVi(P«D). The magnetizing current is small at large 
values of slip: 1 2 ~ I\- Hence it can be assumed that the point P^ 
divides the distance FI) in the ratio to Vi. The same ratio applies ap¬ 
proximately to the perpendicular PiJ)' drawn from the point Pl{s = 1), 
i.e., the 7dov-bine divides the distance PiJ)' in the ratio r 2 to Vi. Tliis 
enables the construction of the and the location of the point Poo- 

drop a perpendicular to the imaginary axis fr*om point P/,(s = 1) which 
is usually known; divide this perpendicular in the ratio r 2 ' to Vi in order 
to locate the point // on this perpendicular ; draw the straight line througli 
the points Po' and II whicli is the 7dev“bine. 

When the primary copper los.ses an' neglected (ri = 0), the distance 
P^D and also the distance ///)' l)ecome zero, i.e., in this case the 
coincides with the power-input line. 

It has been explained (Art. 20-4) that when the motor operates as a 
brake the slip is positive and larger than 1. Apparently, the range of 
operation as a brake lies between the points P;, and P^. 

Consider point (7 in Fig. 27-5. This point lies below tlie point Po' for 
which s = 0 and, therefore, corresponds to a negative slip. The machine 
operates here as a generator. Accordingly, tlie acti\'e component GG' of 
the current G = OG is negative, i.e., power is supplied by tlie induction 
machine to the lines. Note that, while the active component of the 
primary current is reversed, its reactive current conipoiu'iit 0(7' remains 
unchanged, and, therefore, reactive current must lie supplied by the lines 
in order to sustain the main flux and the leakage fluxes of the generator. 

The main consumers of reactive currents from jiowc'i* lines are induction 
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motors and transformers and the generators must supply the reactive 
currents. The auynchronoiis {induction) generator is unable to supply 
reacti\e current; on the contrary, it requires reactive curreni. This is the 
reason the induction generator is .seldom used. The induction generator 
is not able to operate as an independent unit. It must operate in parallel 
with one or more synchronous generators which supply the reactive cui- 
rent not only for the consumers Imt also for the induction geiu'rator. 



Fig. 27Ay .shows how t he slip-line, as well as t he slip for any point on the 
circle, can be determined. The slip-line is found in the following way: 
connect the center-point of the circle Pc with the point. P^ and draw at 
random a perpendicular SS to this line PcP^. Tiie line SS is the slip-line. 
d'he point s = 0 is given by the intersection of the .slip-line with the line 
Pf/Pr., i.e., with the torque-line. The point .s = 1 is given by the inter¬ 
section of the slip-line and a line drawn through Px.Pl. The slip is dis¬ 
tributed uniformly over the slip-line, i.e., the point s = 0.5 is in the 
center between s = 0 and s = 1, and so on. The slip for any point A of 
the circle (Fig. 27-0) is found by connecting this point with the point 
PF' is t he slip which corresponds to the point A. 

It will be observed in Fig. 27-6 that the following proportionalities 
exist for the point .4 : 
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A D P 1 
AC ~ Prot.f 

AC ~ Tdev 
AB ~ P m.dcv 

AB' ~ P m.del 


CD 

= {AD - 

AC) ~ 

(Pi - Prot.f) 


= mJi^ri 

+ P h+C 


CB 

= {AC - 

AB) - 

{P rot. f P TO. dev) 


— m^h^r^ 



BB' 

= {AB - 

AB') ~ 

ij TO.dev “ P TO.del) 


^ “H ^ ir.rot 


(primary power input) 
(power transferred by the 
rotating field) 

(developed torque) 
(developed mechanical power 
of the rotor) 

(mechanical power delivered 
at the shaft) 

(primary copper losses and 
iron losses due to the main 
flux) 

(secondary copper losses) 

(friction + windage losses 
and rotational iron losses) 


27-4. Determination of the scales for the power and torque lines. If the 

currenl scale of the circle diagram is chosen so that 1" = a amp, the 
power scale is such that 1" = viiVia watts, since Wj and Vi are constant 
quantities. This power scale applies to the distances between the point on 
the circle and the power input line (imaginary axis), the /^ot.rLinc 
(torque line), the P„.dev-Line, and the Fm.doi-Line. 

The distance between the point of the circle and the Pm,d,.i-Line whicli 
corresponds to the rated (normal) output at the shaft is equal to 


HP X 746 
nil X V', 


amp = 


HP X 740. 

-—-inches = OM (lig. 27-C) 

niiVia 


where HP is the rated horsepower of the motor. Drawing a line parallel 
to the Pm.doi-Line at the distance OM inches from this line yields the 
normal operating point on the circle (point An, Fig. 27-6). The rated 
primary current of the motor is then OAn and <pi is the primary power 
factor angle. 

Since (see Eq. 26-7a) 


Tdev 


7.04 

n. 


P 


rot.f (watts) 


Ib-ft 


the scale for the developed torque is 

7 04 

1" = m,r,a^lb-ft 
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PROBLEMS 

1 * (a) Construct the circle diagram of the 3-HP. 440/'220-volt, 3-phase, t>0-cycle, 
4-pole, squirrel-cage motor treat-ed in the Example of Chai)ter 2f), using the parameters 
for running, and determine from this diagram the rated primary current, {xnver factor, 
pull-out torque, starting current, and starting torque. 

(b) Construct the circle diagram using the parameters for starting and determine 
the rated primary current, power factor, pull-out torque, starting current, and starting 
torque. 

(c) Compare the results obtained from the circle diagrams with those obtained from 
the equivalent circuit in Chapter 26. 

2. Repeat Problem 1 for the 10-HP, 220-volt, 3-phjisc, 60-cycle, 2-|K)le, squirrel- 
cage motor the parameters of which are given in Problem 1 of Chapter 26. 

3. Rejx^at Problem 1 for the 15-HP, 220-volt, 3-phase, 60-cycle, 4-pole, squirrel-cage 
motor the parameters of which are given in Problem 2 of Chapter 26. 

4. Repeat Problem 1 for the 20-HP, 440-volt, 3-phase, OO-cycic, 6-pole, squirrel- 
cage motor the parameters of which are given in Problem 3 of Chapter 26. 

These problems will show that the circle diagram constructed with the parameters 
for running, yields inaccurate values for the starting performance; also, that the circle 
diagram constructed with the parameters for starting, yields inaccurate results for the 
running performance and the pull-out torque. 
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DETERMINATION OF PARAMETERS FROM A NO- 
FO.\D AM) A L0C:KED-R0T0R TEST. INFLUENCE 
OF PARAMETERS ON PERFORAIANCE. INFLUENCE 
OF SKIN-EFFECT AND SATURATION 


It has Ikhmi nuMitioned pr(‘viously that the six parameters of the induc¬ 
tion motor (^an he determined from a no-load and a locked-rotor (short- 
circuit) t(rst, just as in thc^ case of the transformer. This is shown in tlie 
following. 


28-1. The no-load test. During this test the load on the motor sluift is 
ziM'o and th(‘ following m(‘a>ur(*m(‘nts ar(‘ taken: 

(a) the primary \'oltage Vi which is usually etiual to the rated voltage, 
(h) the primary current /(,, 

(c) lh(‘ powi'r input 

'rhe powi'i- I\) is (‘(pial to the motor losses at no-load. Tliese are the 
copper losses ///lArri in tlu* stator winding, the hysteresis and eddy- 
current losses due to the main (lux Ph^cy the friction and windage losses 
of the rotor Pr^w, and the rotational iron losses due to the slot’^ypcnings 
(see Arts. l()~la and 34-1), i.e.. 


Pq — 4* Ph-^c + P + -Pir.rot 


( 28 - 1 ) 


Since all these losses are small the active component of Iq is small in 
comparison with its reactive component and, therefore, the power 
factor at no-load 


(’OS = 


Po 


lUiViIo 


(28-2) 


is also small, about 0.05 to 0.15. 

Only a very small rotor curient is n(H*essary to account for Pf\^}y + 
Pir.roh tlie secondary circuit can tlierefore be considered to be open. 
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This maj- also l)e deduced from the magnitude of flic lesistance wliich 

"I _ ^ 

represents the mechanical power of the rotor, r./ - -^ : this resistance 

,S 

l)eeomas very high because the slip at no-load is negligibly small, i.e., 
the rotor circuit is practically open at no-luad. Thus (he e(|ui\'al(*nt circuit 
of the motor at no-load is represented by I'ig. 

28 - 1 . 

A knowledge of Ph-^c i^^ necessary in order to de¬ 
termine r„i, for the latter represents these losses. 

Ph^e ean be separated from th(‘ ot her no-load loss(‘s 
by two tests. One test requires tliat th(^ rotor be 
driven by another machine at synchronous speed 
(s = 0). In this case the rotor current is exactly 
zero and the losses P/r^w and Pir.n.t supplied 
l)y the driving machine. The power input of the 
stator of the induction motor is then equal to 28 l. 

circuit of the iii(iuctioii 

Po' = + P/,^, ( 28 - 3 ) motor at no-load. 



where Pq^ and Iq' are the power input and stator (‘urrtait at n = 0. 
Having determined Vi l)y another test, tlie loss (am be calculated, 
(/o' is the current which corresponds to the ]X)int /A' on the ciia'le dia¬ 
gram (see Fig. 27-6). 

The ernf Bi induced by the rotating flux in the stator winding at no- 
load is approximately 

El ^ I i ~ /qXi (28-4) 


As in the transformer (see Art. 12-2) the conductance of the main flux 
path is 




Pk-^ 

miEY 


(28-6) 


From the equivalent circuit at no-load (Fig. 28-1), 



(28-6) 


The main flux resistance (see Eq. 25-7) 



Thus the no-load test yields the main flux parameters Vm and Xm (or Qm 
and 6„,), provided that the primary leakage reactance Xi in Eq. 28-4 is 
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known. This reactance and the secondary parameters r 2 ^ and X 2 ^ are ob¬ 
tained with the aid of the short-circuit test. 


28-2, The short-circuit (locked-rotor) test. During this test the rotor 
is blocked and the following measurements are taken: 

(a) the primary voltage Vl which is less than the rated voltage for 
the reason given below, 

(b) the primary current /l, 

(c) the power input Pl- 

At standstill the slip s is equal to unity, and the equivalent circuit of the 
motor is given by Fig. 28-2. Since the secondary impedance r 2 ' + jx 2 ' is 
small in comparison with x,n and the primary voltage drop is large, 

only a small current flows through 
the main flux circuit, and the 
main flux and also the iron losses 
due to the main flux are small. 
At standstill there is no mechan- 


9—wwv-nmnp- 
- ^ h 


-AMAAr-nnrrjP— I 




•^-1 


Ki«. 28-2. lOquivalent circuit of the induc¬ 
tion motor at Btandatill. 


ical power r 2 = 0^ and 

there are no mechanical losses 
{Pf+w = 0, Pir.rot == 0) in the ma¬ 
chine. Therefore, the power input 
at standstill Pl is consumed 
mainly by the copper losses of both 
windings. 

It is seen from Fig. 28-2 that at standstill the primary current is 
practically determined by the sum of the primary and secondary imped¬ 
ances Ti + jxi and ro' + jxn'* It is the counter-emf Ei which reduces the 
primary current when the motor runs (s <^1), But there is only a small 
(.*ounter-emf present at standstill. Therefore, the primary current be¬ 
comes high, al)out 4 to 8 times the rated current, if rated line voltage Vi 
is applied to the stator during the short-circuit test. In order to avoid 
over-heating of the windings tlie short-circuit test is taken at a voltage 
VL which is about 30 to 50% of rated voltage. 

The po\ver factor at standstill 

Pl 


cos iPL = 


niiViJ L 


(28-8) 


is larger than that at no-load (see Fig. 27-2) but is still small due to the 
high reactive current component necessary to produce the stator and 
rotor leakage fluxes. 
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The measured quantities V l, I l, and Pl determine the short-circuit 
impedance Zl, the short-circuit resistance Rl, and the short-circuit 
reactance X/,. 

= Xl = (28-9) 

Jl niiil lF 

On the other hand, the equivalent circuit Fig. 28-2 yields 

Rl ^ “h ^2 — --h X2^ - - (28—10) 

1+7-2 

where t 2 = X 2 ixm (Eq. 26-10) 

The stator resistance is normally measured in connection with the no- 
load test. Since Rl is known from Eq. 28-9 

ro' « Rl ~ r, (28-11) 

For the separation of Xi and X 2 ' observe that is small, about 0.03 to 
0.0(), and also that the quantity r 1 X 2 jx^n is small, so that with fair ap¬ 
proximation 

Xl ^ Xx + X 2 ' and Xi ^ X 2 « (28-12) 

2 

With this value of Xi the main flux parameters x„t and Tm can now be 
determined (Eqs. 28-4 to 28-7). 


28-3. Per-unit values of the parameters. The parameters can be ex¬ 
pressed either in ohms or in “per-unit'', i.e., as fractions of a fixed unit 
of impedance. The advantage of the “per-unit" expression of the param¬ 
eters for transformers has been explained in Art. 17-4. The same ad¬ 
vantage exists here. When expressed in “per-unit", the parameters apply 
to a wide range of induction motors, i.e., to induction motors of different 
sizes, different speeds, different voltages, etc. When expressed in ohms, 
the parameters apply to a specific motor having a fixed speed, fixed out¬ 
put, fixed voltage, etc. The unit of impedance in which the parameters of 
induction motors are expressed, is defined as follows: 

Unit voltage = rated voltage per phase. 

Unit current = current per phase which corresponds to the output at 


the shaft =////> = 


HP X 746 

rriiVi 


Unit impedance = unit voltage/unit current. 

Unit power = unit current X unit voltage. 

When expressed as fractions of the so defined unit of impedance, the 
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parameters of polyphase induction motors are approximately: 

ri = 0.01 to 0.05 ra' = 0.01 to 0.05 = 0.02 to 0.03 

X, = 0.00 to 0.12 X 2 = 0.08 to 0.12 Xm = 1.5 to 3.5 

The larger value's of rj and apply to small motors, the smaller values 
to large motors. The smaller values of Xi and X 2 ' apply to high-speed 
maehiruis; the larger values, to lower-speed machines. The lower values 
of Xm. apply to lower-speed machines; the higher values, to high-speed 
maeliiiies. 

28-4. Influence of the parameters on the performance of the motor. The 

piu'formanee of an induction motor is determined by the following six 
quantities: 

(a) Heating of the windings and iron. 

(1)) hifliciency. 

(c) Power factor. 

(d) Pull-out tonpie. 

((') Starting current (inrush). 

(f) Starting torque. 

The re(|uirem(*nts, with r(*spect to the magnitudes of the parameters, are 
not- the sani(* for all six (luantities; they partially contradict each other, 
so that compromises must be 7ruHle by the designer. These contradictions 
sliould be can'fully noted in tlie discussions below. 

(a) The heating of tlu' windings and iron depends upon the Pr losses 
and tlie iron loss(\s. Since^ the currents are determined by the load the Pr 
losses become small wlien and are made small, i.e., when as much 
winding rnatei'ial as possible is arranged in the available space. It will be 
shown under (f) that a large value of is necessary to produce a high 
starting torque. In orcku* to make the iron losses due to the main flux 
small, without increasing the motor size, it is necessary to make the 
main flux small. However, since the torque is determined by the main 
flux and the rotor curnuits, a small main flux is not permissible if the 
designer is to satisfy the necessary pull-out torque. With respect to 
heating the rotational iron losses should be made as small as possible. 

(b) The efficiency is determined ])y the total losses of the motor. The 
lower tlie losses at a given load the higher will l)e the efficiency at this 
load. The consideration for low PR and iron losses is given in (a) above. 

(c) Consider Fig. 28-3. The point A on the circle corresponds to a 
certain load: OA is the total current at this load and BA is the reactive 
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current component of OA. At no-load (point Pq) the current Iq is almost 
equal to the current which sustains the main flux (see Ait. 2S-1). In 
the circle diagram is practically equal to the reactive current Oh\ 
Considering the reactive current at load BA, it consists of two parts, 
BF' = OF = and F'A. The first part is necessary to sustain the main 
flux, and the second part is necessary to sustain tlie letikage fluxes of 
stator and rotor. If there were no leakage fluxes, only the reacti\'e current 

would apptmr (at all loads) and the geometric locus of the end-point 
of the primary current P would be a 
straight line through the point F. These 
aie the leakage fluxes which make the 
geometric locus of the end-point of h 
l)Ccome a circle. 

For a high power factor a low reac¬ 
tive current is necessary, i.e., a low 
value of and small leakage reactances 
Xi and X 2 ' are necessaiy. For a low value 
of the air gap must be small and th(^ 
flux must be small. For this reason the 
air gap of induction motors is kept as 
small as mechanically permissil)lc. A 
small flux is not permissil)lc w it h respe(*t 
to the requirements for the pull-out tor(|ue. It will be seen under (e) that 
the leakage reactances cannot be made too small if the starting current 
(inrush) reciuirements are to be satisfied. 

(d) Consider Fig. 27-5. Tlie distan(*c Ijetwuen the point, and the 
imaginary axis, PJ), is equal to the primary copper losses The 

higher these copper losses, the more the point moves up the circle, 
and the smaller becomes the pull-out tor(iue. With respe(*t to a high pull¬ 
out torque the primary resistance must be small. IMiysically this can l)e 
explained in the following way: tlie torque is determined by the powor 
transferred by the rotating flux to the rotor, and the higher the primary 
losses for a given powder input, tlie smaller is the power transferred by the 
rotating flux to the rotor. 

It can be seen from Fig. 27-5 that the pull-out torcpie increases w^ith 
increasing diameter of the circle, just as the locked-rotor current (starting 
current) increases wuth increasing diameter of tlie circle. Consider Fig. 
28-2 wkich represents the equivalent circuit of the motor at locked rotor. 
Here, as at all large slips, the magnitude of the primary current is de¬ 
termined mainly by the stator and rotor leakage reactances. The smaller 
tlie values of Xi and x^'y the larger is the diameter of the circle and the 



Fkj. 28 3. lU'activo curn'nt of th(‘ in¬ 
duction jnolor. 
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pull-out torque. However, small values of Xi and X 2 ' are not permissible 
with respe(!t to tlie lo(;ked-rotor (starting) current. 

The secondary resistance r 2 ' has no influence on the magnitude of the 
pull-out torcjue because Vo' has no influence on the power transferred by 
the rotating flux to the rotor. The magnitude of r 2 ' influences only the 





slip at which the pull-out torcjue occurs (the 
pull-out slip, see Eq. 26-11). 

(e) It has been explained under (d) that 
the starting current isdeterminedmainly by 
the leakage reactances Xi and X 2 ' (in the 
smallest polyphase motors also by Ti and 
r^). A high starting current is not desir¬ 
able because of the voltage drop which it 
produces in the supply lines, and standards, 


Eio. 28-1. SkiiwffiTt- rotors. limiting the inrush current, have been es¬ 


tablished for small and medium-size motors 


by the NEMA (National Itllectric Manufacturers Association). The leak¬ 
age reactances Xi and X 2 ' must have certain valuers in order to meet these 
standards. Thus the limitations with respect to the starting current are 
(contrary to the re(|uirements for a high power factor and high pull-out 
torque. 

(f) Eq, 26-7 for the torque shows that at standstill the torque is 
directly proportional to the copper losses of the rotor rniL/^r/. A high 
starting torque is only possible when the copper losses of the rotor at 
standstill are higli. At standstill I 2 ' ~ /i, i.e., at standstill I 2 ' is almost 
equal to the locked-rotor current. This current is limited by the source 
of power supply, and the leakage reactances Xi and X 2 ' must be such as 
to meet the standards for the starting current. Thus for a high starting 
torque the rotor resistance r .' must be high. A high rotor resistance con¬ 
tradicts the reciuircments for a high efflciency. 

There are certain rotor-slot arrangements which enable the designer 
to achieve a high resistance at starting and a low resistance during running, 
thus satisfying the requirements for a high starting torque and a high 
efficiency. These rotor-slots arrangements are shown in Fig. 28-4. The 
first one consists of a deep bar {deep-bar rotor), and the second one (Fig. 
28-4, b and c) consists of two cages {double-cage or Boucherot rotor). The 
operation of these rotors is based upon the skin-effect phenomenon which, 
at higher frequencies, allows the current to flow only in the top part of 
the conductor in the case of the deep-bar rotor and mainly in the upper 
conductor in the case of the double-cage rotor. At standstill the rotor 
frequency is equal to the stator frequency (see Eq. 24-20) and, therefore, 
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equal to the line frequency. At tliLs frequencj' the rotor current flows 
only in a part of the cross-section of the rotor conductor and the rotor 
lesistance appears liigh. At rated load the rotor freqixency is small and 
there is no skin-effect. Therefore, at rated load the whole cross-section of 
the rotor conductor is effective and the rotor resistance is small. 

The skin-effect influences, at starting, not only the rotor resistance 
(rj') but also the rotor leakage reactance (X 2 ')- The latter is smallest 
at liigh slips and increases with increasing speed of the rotor. Its change 
with slip is thus opposite to that of the resistance. 

It should be noted that the geometric locus of the end-point of the 
primary current is not a circle when the motor parameters vary w'ith the 
slip. Therefore, the circle diagram discussed in t he previous chapter doi's 
not apply to the skin-effect motors. 

The deep-bar rotor is used in most of the larger indin-tion motors. 

28-5. Influence of saturation on the leakage reactances Xi and x-/. It 
has been explained in Arts. 12-2 and 24-1 that the magnitude of the main 
flux reactance, Xm, depends upon the saturation of the rmiin flux patli. 
However this reactance changes little Ixetween no-load and full-load. At 
high slips, for example at starting, the magnitude of the main flux re¬ 
actance is of little importance since it is always large in comparison with 
the rotoi’ impedance at high slips (sec Fig. 28-2), so tliat little current 
flows through it and its presence can Ixi disregarded (.see Art. 28-2). 
The result is that x,,, can be treated a.s a constant parameter, although 
it may have different values at full-load and at high slips. 

The leakage reactances, Xi and X 2 ', have been tacitly treated as con¬ 
stants (except the ca.se of the skin-effect motor in which X 2 ' is a variable 
(.see foregoing article). The magnetic path of the leakage fluxes lies, to a 
great part, in the air for wliich the permeability a is a constant (see Art. 
24-1), so that Xi and X 2 ' are practically constant between no-load and 
over-load, i.e., as long as the stator and rotor currents are not too high. 
.\t larger slips, and especially at standstill, these currents are high and 
saturate, more or less, the iron part of the leakage-flux path. Because of 
this fact, Xi and X 2 ' may be considerably smaller at starting than at 
running wdth full-load, namely, about 75 to 85% of the latter values. 
^^^len this is the case, the starting and miming performance must be 
calculated with different values of Xi and X 2 ' (see Example 26-1). 

Determining the parameters from a no-load and a locked-rotor test, 
the latter test should be made at both a low voltage (F/J and at the 
normal voltage (Vl = Fi), i.e., with low currents in the windings and 
also wdth large currents (see Example wdiich follows). 
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28-6. Influence of harmonics. It has been explained in Art. 22-2 that 
an a-c windinj^ produces a main wave and harmonics. The useful torque 
is produced by the main wave. The harmonics produce parasitic torques 



which, more or less, distort the torqiu'-speed characteristic; they may 
prevent a motor from starting or not permit tlie motor to bring its load 
up to full speed. Such a distortcal toniue-speed characteristic of a poorly 
designed motor is shown in Fig. 2S-4a. 

Example 28-1. The six piiniineters of a 3-HP, 440 220-volt, 8-pluisc, GO-cyc'lo, 
4-pole squirrel-cage induction motor will he determined from a no-load and a locked- 
rntor test. The stator resistance at 25°C is 2.20 ohms, and the friction and windage loss 
is 41 watts. Stray load loss = 4S watts 


No-load test —75°C 
Vi = 440 volts 
Iq = 2.8() amp 
Pq - 211 watts 

Locked-rotor test {redriced voltage) 
V/. = 76 volts 
II — 4.25 amp 


Locked-rotor test {full voltage) —75°C 
Vl — 440 volts = Ti 
/l = 29.1 amp 
Pl = 13.92 kw 


The skin-effect factor for r/ is 1.30 and for x/ is 0.97 (see Fig. 2S-5). 

Saturated rejictances 


Zi. — = S.73 ohms 

V3 X 29.1 
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^ 13,920 , _ , 

~ --ohms 

3 X (29.1)2 

Xi = \^i} — RlT = G.80 ohms 

r,(at rS^C) = 2.26 X = 2.69 ohms 

264.5 + 25 

r»' = 5.4S - 2.69 = 2.79 ohms 
Xi = X 2 = 3.40 ohms 
Unsaturated reactances 

Zl — ^ —-= 10.3 ohms 

V3 X 4.25 

Xl = \/(10.3)2 — (o.-lS)^ = S.72 ohms 
8.72 

2 j = ^ = 4.3()ohnis 


The rntio of unsaturated leakag(‘ reactance to saturated leakage reactance (*4.30/3-40) 
is called the saturation factor. 

In order to determine the running performance from the cfiuivalent circuit it is 
necessary to correct r-/ and xf for skin-effect since the unsaturated i)arametera above 
were taken at 00 cycles. 


(corrected) - 


2.79 

1.30 


— 2.14 ohms = r- 2 ^ 


(corrected) = 


4.30 


0.97 


4.50 ohms = X 2 ^ 


254 - 2.30 X 4.30 243.7 . 

Xm --- - = 103 ohms 

2.30 2.30 

Ph^e + Pir.rot = 211 - 3(2.36)^ X 2.09 - 44 = 122 watts 

It will be assumed that one half of the iron losses are due to the main flux so that: 

=01 watts 

61 


Qm 


= 3.43 X 10-* mho 


(check) 


3 X (243.7)2 
Tm = gmXm^ = 3.43 X 10~^ X (103)* = 3.60 ohms 
mJo^r„. = 3 X (2.36)^ X 3.66 = 61 watts 
61 


3 X (2.36)2 


= 3.66 ohms 


The parameters determined above are tabulated in Ex. 26-1. 
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Example 28-2. The example of Chapter 26 will now be solved on a per-unit basis. 

440 

Unit v(iltaj^e = —^ = 254 volts 

V3 

3 X 746 

Unit current = - = 2.94 amp = /hp 

3 X 254 

254 

Unit impedance = = S6.5 ohms 

* 2.94 

Unit power = 254 X 2.94 — 746 watts = I HP 

Unit speed = 1800 rpm 

. .... unit power 

Unit tonpie = i .04 X 3 X - - = 8.80 Ib-ft 

unit speed 


(a) ParamcterH for startuKj (p-u) 


(1)) Pnrametfrs for running 


ri = 0.0311 
r./ - 0.0322 
(x, = X./) =. 0.0393 
= 1.19 
r„, = 0.0423 

ri = 0.0311 
r,' = 0.0248 
xi = 0.0505 
xo' - 0.0520 
x« = 1.19 
= 0.0423 


(a) Starting performance {p~u) 


-(':■)=» 

Z, = 0.0500 /51.6 
Z/ = 0.0508 /50.6 
Z„ = 1.19/87.96 


From Eq. 25-10 


1/0 = 1 , 0 . 0 .= 


.0.500 51.(5 + 


0.0.508 /50.6 X 1.19 /87.96 " 
0.0508 /50.6 + 1.19/.87.96. 


Ii = 10.05 -51.8 

(l>-u) 
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{check) 


/i(amp) = 10.05 X 2.94 = 29.6 
1/ == 10.05 -51.8 X 


0.0508 50.6 + 1.19/87.96 


= 9.66/-50.4 


The .starting torque on a p-u 'oasis is the same as Pnt.t on a i>-u basis (see Eq. 26-7a): 

= ( 9 . 66)2 X 0-"322 ^ 

1.0 

l>u = 3.0 

{check) Tat (ll)-ft) = 3.0 X S.SO = 26.4 

(b) Running performance s = 0.03 

Z, = 0.0593 /58.3 
Z./ = 0.825 /3.60 
Z„ = 1.19 /87.96 


from Eq. 25-10 


I, = 


1.0/0 


• 0.0593 / 58.3 + "-^^^^^ .^.:! ^^ 

" 0.825 /3.60 + 1.19 /87.96 J 


= 1.42 /-38.2 

Input power factor = cos 38.2° = 0.785 

1/ = 1.42 /-38.2 X 

== 1.115 /-5.74 


1.19 /87.96 


0.825 /3.60 + 1.19 /87.96 


Prou = (1.115)' X = 1.025 


Tdev = 1.025 


{check) 


Tdev (Ib-ft) = 1.025 X 8.80 = 9.05 

(48 + 44 i- 61) 


7.04 X 


Mech. loss torque (p-u) = 


1800 


8.80 


= 0.068 


Tm (p-u) = 1.025 - 0.068 = 0.957 
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{check) Tdei (Ib-ft) = 0.957 X 8.80 = 8.40 

Power input = 3 X 1.0 X 1.42 X cos 38.2® = 3.35 
Losses 

mi/iVi = 0.189 
m,/2'V= 0.093 
no-load iron = 0.163 
stray load = 0.064 
Friction and windage = 0.059 
Total = 0.568 


(check) 


Pd«i =3.35 - 0..568 = 2.78 
Pd«i (watts) = 2.78 X 746 = 2076 = 2.78 HP 
2 78 

Efiicicncy = = 0.83 

‘ 3.35 


slip = — 


0.093 


3.35 - (0.189 - 0.082) 
•'normal = X 0.03 = 0.0324 


= 0.03 


From Ei\. 26-11 


1. 042 X 0.0247 _ 

0.0505' 4- 1.042 X 0.0520 

58 


= 0.246 


From Eq. 25-10 


(check) 


\ « / 

z./ = 0.1133 /27.3 

Ii = 6.12 /-41.4 
1/ = 5.85 /-36.6 

Tp.o. = 3.44 

7’p.o.(n)-ft) = 3.44 X 8.80 = 30.2 


{dteck) 


The normal torciue delivered by thi.s machine at 3.0 HP output, s = 0.0324, is 

5250 


T = - 

1800(1 - 0.0324) 

= 1.025 jvu 

T.t 3.0 


X 3 = 9.05 Ib-ft 


T„ 1.025 
Tp.o. ^ 3^ 
Tn 1.025 


2.92 

= 3.36 
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PROBLEMS 

For the influence of skin-efTect on and x/ use Fig. 28-5. For saturation factors 
use Fig. 28-6. 

The saturation factor is defined as the ratio of the unsaturated values of Xi and X 2 ', 
to the saturated values of these reactances. 

1. For the motor of Examples 28-1 
and 28-2 calculate the primary cur¬ 
rent and primary power factor for slips 
of 1.0, 0.8, 0.6, b.4, 0.2, 0.1, and 0.03. 

2. Determine the developed 

torque-s|)eed characteristic for the 
motor of Examples 28-1 and 28-2, 
using the slii)s specified in Problem 1. 

(Calculate on a i>u basis. 

3. Repeat Problem 1 for 115% 

rated voltage. 

4. Repeat Problem 1 for 85^,'c) 

rated voltage. 

5. Repeat Prr)l)lem 2 for 115%) 
rated voltage. 

6. Repeat Problem 2 for 85%, 

rated voltage. 

7. Construct the circle diagram for 
the motor of Examples 28-1 and 28-2, 
using the unsaturated values of X| 
and x-/. From this diagram determine 
the developed torciue-speed character¬ 
istic for slips of 1.0, 0.8, 0.6, 0.4, 0.2, 

0.1, and 0.03 and compare with Prol)- 
lein 2. o ^ 

8. The motor of Examples 28 I and ^2 

2S 2 is reqiiired to develop a higher start- 2 £ 

ing torque. To do this the end rings of the ^ 
squirrel cage were turned down in a lathe 
sf) that the rotor resistance at standstill, 
as well as at running, was increased 25%. 120 

Determine the starting performance. 

9. Determine the running performance 1.10 
of the motor in Problem 8 at a slip of 0.04. 

10. Determine the pull-out slip and q 
pull-out torque forthemotorin Problems. 

11. It is required to reduce the start¬ 
ing line current of the motor in Examples Fio. 28-6. 

28-1 and 28-2 by 20%;. 

(a) If an autotransformer is used determine the turn ratio. 

(b) If series reactors are used determine their value in ohms. 
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(c) What is the new starting torque developed (express as a percentage of starting 
torque developed in Examples 28-1 and 28-2). 

12 . The six parameters of an 800-HP, 2300-volt, 3-phase, 60-cycle, 8-pole, shallow- 
bar, squirrel-cage induction motor are to he determined from the no-load and locked- 
rotor tests given below. The stator resistance is 0.103 ohm jxjr phase at 75°C; the stator 
is wye-connected. (Neglect skin effect.) 


.Vf>-/aad test 
E, = 2300 volts 
/f) = 13 arn[» 
pQ = 12.0 kw 


Locked-rotor test {full voltage) 
Vl = 2300 volts 
IL — 1200 amp 
Fl = 1060 kw 


Locked-rotor test (reduced voltage) 

VL = 600 volts 
i L = 240 amp 

The friction and windage loss is 4.4 kw, and the irf)n losses due to the main flux are 
40% of th(‘ total no-load iron losses. A.ssiime the tem|)erature of the stator winding at 
no-load and locked-rotor tests is 75°(X 

13. The striiy-load losses of the motor of Problem 12 are 6.0 kw. Determine the 
running |)crft)rmance for a slif) of 0.013. Calculate throughout in i)-u. 

14. Determine the starting p<M formance of the motor of Problem 12. 

15. Determine the primary current and power factor at slips of 1.0, 0.8, 0.6, 0.4, 
0,2, 0.1, and 0.013 for the motor of Problem 12. Plot. 

16. Plot the developed torcpie-speed characteristic for the motor of Problem 12 at 
slips of 1.0, 0.8, 0.6, 0.4, 0.2, 0.1 and 0.013. 

17. He|)cat Proldem 15 for 115% rated voltage. 

18. Repeat Proldern 15 for 85%. rated voltage. 

19. Repeat Problem 16 for 115% rated voltage. 

20. Ri'peat Problem 16 for 85%, rated voltage. 

21. Determine tlie pvdl-out slip and pull-out tonpie for the motor of Problem 12. 

22. It is desired to reduce the starting current of the motor in Problem 12 by 30%,. 

(a) Determine the series resistors which will accom))lish this reduction in current. 

(b) For reactor starting wliat magnitude of reactance is needed? 

23. No load and locked-rotor tests were taken on a T^-HP, 440-volt, 3-phase, 
60-cycle, 6-pole, wye-connected, squirrel-cage induction motor, and the following data 
were recorded: 


Xo-load test 
Vl — 440 volts 
/o = 5.84 amp 
pQ ^ 6(X) watts 


Locked-rotor test (full voltage) 
V L — 440 volts 
IL — fW-4 amj) 

Pl = 24.16 kw 


Locked-rotor test {reduced t>oltage) 
V j, = 120 volts 
IL — 13.5 amp 


The stator resistance ix^r phase is 1.2 ohms at 75°C. The friction and windage loss is 60 
watts and the iron losses due to the main flux are 50% of the total no-load iron losses. 
Assume the temiHuature i*f the stator winding at both no-load and locked-rotor tests to 
be 75T. 
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Detprinine the six parameters of the equivalent circuit in ohms aii(i jvu for both 
starting and running performance. 

24. The stray load losses of the motor in Proldem 23 are 93 watts. Determine the 
nmniug performance at s = 0.024 

25. Determine the starting performance of the motor in Prol)lem 23. 

26. Determine the primary current and power factor for the motor of Prob. 23 for 
slips of I.O, 0.8, 0.6, 0.4, 0.2, 0.1 and 0.024. Calculate in jvii. Plot. 

27. Determine the developed s[)eed-torque characteristic in j)-u foi* the motor of 
Pr(»l)lcm 23 at slips of 1.0, 0.8, 0.6, 0.4, 0.2, 0.1 and 0.024. 

28. Calculate the pull-out slij) and pull-out torque (in t>-u) for the motor of Prob¬ 
lem 23. 

2Q. Repeat Problem 26 for 115% rated voltage. 

30. Rei)eat Problem 26 for 85% rated voltage. 

31. Repeat Problem 27 for 115% rated voltage. 

32. Repeat Problem 27 for 85% rated voltage. 



33. Pig. 28-7 refers to 3-plnise, 4-pole, 60-cycle, 230-volt induction motors. This 
figure can be used for ijreparation of problems on jxjrformance of |Kdyphase induction 
motors. Resistances and reactances are in |xjr-unit. Losses are given as a fraction of 
}H»\ver output. xi and x*/ are saturated values. 


Chapter 29 


STARTING AND SPEED CONTROL OF THE 
POIAPHASE INDUCTION MOTOR 


29-1. Starting of a squirrel-cage motor. Curve in Fig. 20-1 represents 
the tonjlie-speed curve of a siiuirrel-cage motor. Once tlie squirrel-cag(‘ 
motor is constructi'd, nothing can he changed regarding its parameters, 
and its toniue-speed (*haracteristic is fixed. During the starting juaiod the 
motor goes through the total tonpie-speed curve 7’.)/, Fig. until it 

reaches the speed at which the motor tonpie is equal to the load toj(jU(‘. 
At no speed should th(‘ load tonpie Ti, l>e larger than the motor torciue 
\ otherwise the motor will he unahle to rea(*h its rated speed. The dif¬ 
ference {Tm — Ti) is used to acc(‘lerate the* rotating masses. The larger 
this ditTerence, the shorter is tin* ac(*elerating period. 

It has h(‘en explained jireviously (see Eijs. 2() 7 and 2()-S) that th(' 
torque of the induction motor varies with tlu' siiuare of its terminal 
voltage. Thus an increase in the terminal voltage of lO^^, raises the toripie 
curve Tm, Fig. 29 1, 219() and, vii*e versa, a decrease of tlie terminal 
voltage of 10% lowers tlu' tonpie curve . A reduction of tlie terminal 
voltage is used wh(*n a low starting current is lU'cessaiy to reduce the' 
voltage drop in the lines and a relatively small starting toriiuc* is reejuired, 
as, for example, in the case of a fan drive. 

Three means are employed in order to lower the terminal voltage of the 
squirrel-cage motor during starting. 

(a) Series resistor. 

(h) Series reactor. 

(c) Autotraiisformer, Fig. 29-2. 

When a series resistor or reactor is used, the starting current of the motor, 
which in this case is equal to the line current, is reduced directly with the 
terminal voltage while the starting torque is reduced with the square of 
the terminal voltage. For example, with a series resistor or reactor which 
produces a voltage drop of the line (motor) current will l)e 
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its oripiinal value and the starting torque of the motor will be 49% of its 
original value. 

Wdien an autotransforiner is used, Fig. 29-2, the line current and the 
motor current are not equal; tlie liru* current is tlie primary current of tlie 
transformer while tlie motor current is tlie secondary tairrent; tlierefore, 
the ratio of line (airrent to motor current must Ix^ the same as the ratio 
of motor voltage (secondary voltage of tlu' transformer) to line voltage 




Fid. 29-1. Tor(iii(‘-sp('(‘(l charac- Fid. 29 2. StartiiiK of a wiuirH-caKe 

t(Tisli<.‘.sof as(iiiirn‘l-cag('motorand motor willi the aid of an aiitotrans- 

its load. former. 


(primary voltage of tlie transformer), for the primary and secondary kva 
must be the same (Vh/i ^ l\>/ 2 ). example, if tlie secondary voltage 
of the transformer is 70% of the lint^ voltage, the motor current is 70% 
of its original value and the line current is 0.7(F2/Fi) = 0.7 X 0.7 = 
0.49 = 49% of the motor current at full voltage. At 70%; voltage the 
motor torque is 49% of its original value as in the case of the series resistor 
or reactor. Comparing resistor or reactor starting with autotransformer 
starting at 70% voltage at the motor terminals, the following table holds: 

Refdstor or Reacior Autotransforrner 


Mot-or current. "9% 70% 

Line current. 70% 49% 

Motor torque. 49% 49% 


Tlie autotransformer reduces the line current with the square of the 
terminal voltage while the resistor or reactor reduces the line current, at 
the same starting torque, directly with the terminal voltage. For the 
same starting torque the autotransforrner yields a larger reduction of 
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the line current than the resistor or reactor, but is more expensive than 
the latter. 

The influence of voltage and frequency variation on the performance of 
polyphase induction motors is shown in Table 29-1. 

29-2. Starting of a wound-rotor (slip-ring) motor. In the wound-rotor 
motor tlie rotor resistance is not fixed as is the case in the squirrel-cage 
motor; it can be varied between an infinitely large value (open slip rings) 
and the resistance of the rotor winding r 2 (slip rings short-circuited). 
The secondary resistance of the wound-rotor motor is in general 
Tz + = r/, where is the external rotor resistance referred to the 

stator. Therefore, in the equivalent circuit for the wound-rotor motor the 
(|uantity r/ = r^.x/ + T 2 is to be introduced, while only T 2 is introduced 
for the squirrel-cage motor, for in the latter = 0. 

Consider the e(|ui\'alent circuit Fig. 25-4. The only quantity whicl) 
changes with the load torciue is /s] in the wound-rotor motor it is the 
quantity r//s. Wh(^n the motor is loaded, the rotor assumes a slip of such 
a magnitude that the ratio r//s yields the values of secondary current 
and flux, i.e., the value of toixjue, necessary to overcome the load torque. 
It is the ratio r//s which is of prime importance. For the same load torque 
the slip becomes twice as large if the rotor resistance is made r/ = "Ir^ 
instead of r^ • In general, the slip for a given torque is directly propor¬ 
tional to the rotor resistance. 

In a squirrel-cage motor the rotor resistance is fixed (= r 2 ) and the 
ratio r 2 /s is determined only by the slip s. This yields a single torque- 
speed curve as shown in Fig. 29-1. In the wound-rotor motor the rotor 
resistance (= r 2 ' + r,.xt') can be varied. Since tlie slip for a given torque 
is proportional to tlie rotor resistance, each value of r^^f determines an¬ 
other tonjue-speed curve. Fig. 29-3 shows several such torque-speed 
curves. Curve I corresponds to = 0 (this is the natural torque-speed 
curve) while the other three curves correspond to r^^f = 3r2', 5.5r2' and 
8.5r2' respectively. The pull-out torque is independent of the rotor 
resistance and is therefore the same for all torque-speed curves (see 
Art. 28-4). A line drawn parallel to the axis of ordinates shows that 
different torques can be developed at the same slip. 

The latter statement applies also to standstill (s = 1); it is possible to 
start a wound-rotor motor with any torque between 0 and the pull-out 
torque, while the starting torque of the squirrel-cage motor is fixed. The 
external resistance necessary to start a wound-rotor motor with a given 
value of torque can be easily determined. As an example, the case will be 
considered where it is desirable that the motor develop rated torque at 
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standstill (s = 1). Refer to the equivalent circuit Fip;. 25-4. At rated 
torque it is desirable that = 0 in order to avoid a reduction in efli- 
ciency through additional copper losses in the external resistance. If the 
slip at rated torque is e(|ual to s,,, then at rated torciiie the ratio r//s is 
equal to r 2 /Hu- In order tliat rat(^d torcjue appear at standstill \\\mv 
s = 1, the ratio r//^’ must be the same as at i-ated torciue, i.e., 


r 2 + r,^/(s == 1) r./ 

-= - Ql- 

1 

If .Sh = 0.02, the ext(‘r!ial resistance 
r(jsistan(;e of the rotor winding. 



Fr<j. 2a a. Toniuo-spccd charaettTis- 
lioH of a wound-rotor motor for various 
valuvs of tecondarv rosislama*. 


must be O.ltS 0.02 — 40 times the 



!• I'i. 2a 1. Start i n ^ o f a 
\\ound-rolor motor. 


The s(|uirrebcage motor must go through its whole torque-speed curve 
during the starting period, up to the point where the motor torque is 
equal to the load torciue. On tlie other hand, it is possible to keep the 
torque of a wound-rotor motor constant during the entire starting period. 
This is achievc'd by keeping tlie ratio constant, i.e., by a gradual 
reduction of the external resistance during acceleration. The torcpie dur¬ 
ing the starting period is then a line parallel to the axis of al)scissae in 
Fig. 20-3. Since the starting resistance cannot be changed gradually but 
in steps, the torcjiie and current during starting also change in steps, as 
sliown in Fig. 20-4. 


29-3. Speed control of a wound-rotor motor. Speed control over a wide 
range is only possible with the wound-rotor motor. The speed regulation 
can be achieved in several ways, some of which will be described in the 
following paragraphs. 
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(a) Speed regulation by means of a resistance in the rotor circuiL Con- 
sitler Fig. 29-3. Any line parallel to the axis of abscissae corresponds to 
,*<peed regulation at constant torque. Assume that a wound-rotor motor 
lias to drive a mill wliich requires a constant torque at variable speed. At 
the highest speed the motor operates on its naturrd torejue-speed curve 
(Curve I, = 0), and a fixed point on this curv(' corresponds to the 
r(‘(iuired torejue. Let the slip at this point be s^; the ratio r//s for this 
})()iiit is tlien e(]ual to r 2 /si. If the rotor resistance (r^' + is now 
changed, the motor automatically assumes a slip ^•2 of su(*h a magnitude 
lhat (lie ratio (r^' + r^xt/)A *2 is equal to ro^/.Si, because to a lixed value of 
torque there corresponds a fixed ratio of r//s (see foregoing article). 
Finis \ aiial)le speed can be obtained hy means of a variable resistor in 
the rotor circuit. 

Ilowevei*, this kind of speed control is not economical. Consider 
F(j. 26-4 whieli states that tlie electric ])o\ver of tlie rotor, i.e., the pow’cr 
dissipated in the rotor as copper losses, is ecpial to tlie slip times the 
j)()\ver transferred to the rotor l)y the rotating flux. In th(‘ case of the 
(*onstant-torc|ue drive considered aLove the power transferred to the rotor 
1>\- tli(^ rotating flux remains constant, i.e., independent of the slip, 
siiicc‘, according to Ikp 26-7a, the torcjue is ecpial to a constant cpiantity 
tinu's the powc'r transf(*rred by the rotating flux. Also tlie power input 
to the motor changes little* with rotor speed when the torepK^ remains 
constant (see Fig. 26-2). Flierefore, the high(*i* the slip, the larger tlie 
{lart of the power input dissipated as copper losses in the rotor circuit 
and the lower the efficiency of the motor. The percent decrease in ef- 
ficieiK'v is almost equal to tlie percent decrease in speed. 

(I)) Speed eonirol by changing the number of poles. Assuming a constant 
line frequency, speed variation in a feiv steps may be obtained by varying 
the nurnlier of poles of the motor, since, according to Eq. 24-4, 



P 


Special w indings are capable of producing different numbers of poles 
by a legrouping of coils. Tlie most common winding of this kind is that 
with the pole ratio 1:2. Such a winding for 4 and 8 poles with/i = 60 
cycles yields two synchronous speeds of ISOO and 900 rpm respectively. 
If more than two speeds are desired, two separate windings can be 
arranged in the stator slots. Normally a scjuirrel-cage rotor is used for this 
kind of speed variation, or otherwise the rotor must have the same kind 
of winding as the stator, w Inch tlien necessitates a larger number of slip 
rings than the normal three. If a slip-ring rotor is used, variation of speed 
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tetween steps (synchronous speeds) can be accomplished by insertinp: 
resistance in the rotor circuit. 

(c) Speed control with the aid of a special regulating set. With the aid of 
a regulating set it is possible to obtain a continuous and economic speed 
regulation of the wound-rotor motor. The operation of such a set is 
based upon the considerations discussed in the following paragraphs. 

To overcome a given opposing torque at the shaft of the motor a 
definite rotor current is nece.ssary, i.e., there must be a definite induced 
emf Ei$ and with it a corre.sponding slip. Consider Fig. 29-5a which 
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induction motor. 


repmsents a simplified phasor diagram of the induction motor with 
Ti, Xi and X 2 assumed to be negligible. In this case, the induced emf E 2 S 
is consumed by the resistance drop /oro. In Fig. 29-5b, the value of 1 2^2 
is the same as in Fig. 29-5a and, tlierefore, the values of 72 and of the 
torque are the same as for Fig. 29~5a. However, in Fig. 29-5b a voltage 
OB is impressed upon the slip rings of the rotor in phase with I 2 r 2 - Since 
the total emf necessary to produce the current 1 2 is equal to 0/1, and since 
a voltage OB is introduced from the outside through the slip rings, the 
emf to be induced in the rotor by the rotating flux of the machine must 
be OA — Ob = BA. This is less than 0/1, and therefore the slip will 
\\c less than in the ciise of Fig. 29-5a. 

Figs. 29-r)c, d, and e refer to the same current /o, i.e., to the same torque 
as Figs. 29-r)a and b. In Fig. 29-5e, the voltage impressed upon the slip 
rings, OB, is e(]ual to OA == /or-/ and no emf induced in the rotor by the 
rotating flux is necessary; in this case the slip will be zero and the rotor 
speed will be the same as lliat of the rotating flux, namely, the syn¬ 
chronous speed n,. In Fig. 29-5d, the impressed voltage OB is larger 
than the voltage drop hr 2 necessary for the required torque. This forces 
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the rotor to run above the synchronous speed, i.e., with a negative slip 
j^o that E 2 , becomes negative. The magnitude of E 2 , is equal to OB — OA. 
Here the machine operates as a motor above the synchronous speed. 
In Fig. 29-5e the impressed voltage OB is in counter-phase with 
d'his forces the rotor to run with a higher slip than without the im¬ 
pressed voltage, because the induced rotor emf has to overcome the 
opposing voltage OB and also supply (he voltage drop / 2 r 2 . 

Thus it is possible to regulate the speed of a wound-rotor induction 
motor below as well as above its synchronous speed, if a voltage is 
impressed on its rotor which is opposite in-phase to 
or in-phase with the emf induced in the rotor by the 
rotating flux. 

Fig. 29-6 shows a regulating set consisting of a 
synchronous converter {RC) and a d-c machine (DC). 

7.1/ is the induefion motor the speed of which is to 
i)e regulated. The synchronous converter is a combi¬ 
nation of a S5'nchronous machine and a d-c machine 
(see Art. 44-1). The slip rings of the induction motor 
are connected with the slip rings of the synchronous 
converter. The commutator of the synchronous con- 
\erter is connected with the commutator (armature) 
of the d-e machine, which is coupled to the induction 
motor. The starter is short-circuited during running. 

IMien the induction motor operates at a certain slip 
.s, the electric power of the rotor (sProi.t, spp Eq. 26-4) 
is consumed b}’ the synchronous converter (RC) and 
delivered to the d-c machine (DC). The synchronous 
part of the converter consumes power from the induction motor and 
operates as a s 3 mchronous motor. Therefore the d-c part of the syn¬ 
chronous converter operates as a d-c generator, and the d-c machine (DC) 
which consumes power from the converter operates as a d-c motor. 
Thus the electric power of the rotor of the induction motor is delivered 
back to its shaft as mechanical power. 

The speed variation is accomplished by varjdng the excitation of the 
d-c machine (DC). The greater the excitation, the lower the speed of the 
induction motor. The regulating set does not operate near synchronous 
speed because the voltage at the slip rings becomes too small to cause 
t he rotar\' converter to rotate. 

The arrangement shown in Fig. 29-6 in which the d-c machine is 
coupled to the induction motor is used when increasing torque with 
decreasing speed is required (constant HP drive). When the torque is 



Fid. 2V) (>. S j) e (* d 
rcRulation of a wound- 
rotor motor with thii 
aid of a rotary con¬ 
vertor and a d-c ma- 
cliino (Kramer cas¬ 
cade). 
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constant or decreases with speed (fan drive), the d-c machine {DC) is not 
coupled with /A/, but with a synchronous machine wliich then operates 
as a generator and delivers the electric power of the rotor of the induction 
motor to the line. 

It is possible to correct tlie power factor of the induction motor with 
the aid of the excitation of the synchronous (*onverter, because a syn- 
chrorious motor whcai over-excited is able to deliver reactive current 
(see Art. 40-3). At a certain excitation of the synchronous converter tli(‘ 
total reactive power re(juir(‘d by the induction motor is supplied to its 
rotor l\y the converter, and t he phase* displacement at the stator terminals 
of the induction motor becomes zero (cos iPi = 1). 

The ^ynclironous converter set is able to vary the speed only below 
synchronism. 33101-0 are otlier sets employing a-c; commutator machines 
which permit speed control below and aliove synchronism. 





Fici. 2‘.) 7. Tor(ai(*-spec(] clijinic- Fig. 29-8 Doubly fed induction 

ti'ristics of an induction motor motor. 

coiitroIU'd by a reguljUing set. 


With all these sets the rotor frequency is determined by lioth the 
induction motor and the regulating set. The rotor frequency (rotor slip) 
varies with the loatl just as in tlie ordinary induction motor. In Fig. 29-7 
curve a shows the natural tor(|ue-speed characteristic of an induction 
motor, i.e., tlie characteristic for no impressed voltage on the slip rings 
(see Fig. 29-r)a). The slip increases, i.e., the speed decreases slightly with 
increasing torque (as in a d-c shunt motor). Curve h of Fig. 29~7 shows 
the toniue-speed characteristic when a constant voltage is impressed 
upon the rotor which is opposite in-phase to the einf induced in the rotor 
l)y the rotating flux. Such a voltage forces the rotor to increase tlie slip 
at all values of torque (see Fig. 29-5e). However, the trend of tlie torque- 
speed characteristic remains the .same as for the natural characteristic, 
i.e., the speed decreases slightly with increasing torque. 





STARTING AND SPEKD CONTROL 


287 


(d) Speed control by double feeding. The machine behaves entirely differ- 
(Mitly when the secondary frequency is determined not by tlie induction 
motor and its regulating set but hy another source of power wiih fixed fro- 
(liiency. In this case the induction machine is referred to as a doubly fed in¬ 
duction motor. Fig. 29-8 shows such an arrangement. The rotor as well as 
the stator is connected to a source of power. The fixed frequencies of both 
sources are/i and/ 2 , respectiv€‘ly. It will be assumed, as an example, that 
tlie motoi* has four poles and that /i = 60 cycles while /2 = 25 cycles. 



Fk;. 20 0 . Tor (I ue-speed Fig. 29~10. Si)eod control of an induction 
characteristicfl of a doubly fed motor by double feeding, 

induction motor. 


It has been previously explained, see Art. 24-1, that, for the develop¬ 
ment of a uniform torque, stator and rotor mmf waves must- be at stand¬ 
still witli respect to eacli oilier. In the example considered, the speed 
()f tlie st ator mnif wit h respect to the stator is n«, = (120 X 6())/4 = 1800 
rpm, and the speed of the rotor mmf with respect to tlic rotor is n «2 = 
(120 X 25)/4 = 750 rpm. If the rotor is fed in such a manner that its 
mmf rotates in the same direction as the stator mmf, then the condition 
for a uniform torciue is satisfied only when the rotor speed is n«i — n ,2 = 
ISOO — 750 = 1050 rpm. On the other hand, if the rotor is fed in such a 
manner that its mmf rotates in opposite direction to the stator mmf, 
then the condition for a uniform torque is satisfied only wlien the rotor 
speed is n,x + n ,2 = 1800 + 750 = 2550 rpm. 

Thus the doubly fed induction motor has two fixed speeds at which a 
uniform torque exists. Expressed by a formula, these two speeds are 


120 (/i /o) 

n =- 


(29-1) 


V 


At each of these two speeds the machine is able to develop uniform torques 
of different magnitudes, as shown in Fig. 29-9. Apparently a continuous 
speed control can be achieved if one of the tw-o frequencies of Eq. 29-1 
can be continuously varied. Such an arrangement is showm in Fig. 29-10. 
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IM ifi the induction motor the speed of which is to be controlled. The 
stator is connected to the supply lines; its rotor is connected to a syn¬ 
chronous machine aSA/i, wliich is coupled to a d-c machine DCi. The 
latter is connected electrically with another d-c machine DC 2 , wliich is 
coupled to a synchronous machine SM 2 J connected to the lines. The 
electric power of the rotor of the induction motor is consumed by the 
synchronous machine fiMi which operates as a motor. The d-c machine 
D( \j tiiereforc, operates as a generator, and the d-c machine DC 2 operates 
as a motor. The; synchronous machine SM 2 operates as a generator and 
returns the electric pow(‘r of the induction motor to the lines. 

The speed control of the induction motor in the above arrangement 
is accomplislaHl l)y chnnging the excitation of the d-c machine DCo- This 
produ(‘(is a (jhange in speed of the set SMi — DCi and therefore a change 
in the freciuency / 2 . 

If/j is zero, i.e., if one of tlu^ sources of power is d-c, Eq. 29~1 yields 
only a single speed at which the machine is able to produce a uniform 
torque. This is t he case in the synchronous m<ichiue which will be treated 
later. 


PROBLEMS 

1 . A 15-lIP, 4-|)()k‘, 3-})luisc, OO-cyclo, 440-volt, Y-connected wound-rotor induction 
motor hii« the following j)er-unit j)arametcr.s at s = 1 (j*i, X 2 sat. values): 

ri - 0.018 rm = 0.17 r/ = 0.023 

X\ = 0.00 = 3.0 X 2 - 0.085 

Determine the extenial resistance (in ohms per phase) necessary to start this motor 
with 130% rated tonpie. The rated speed is 1750 rmp. 

2. For the wound-rotor motor of I'roblem 1 determine the external resistance (in 
ohms per phase) necessary to start tiie motor with its i)ull-out torque. Can the motor 
start with a tonpie larger than the {)ull-out torque? (Sat, factor = 1.2.) 

3. Determine tlie starting toixpie of the motor of Problem 2 for an external resistance 
three times as large as that necessary to start the motor witli its pull-out torcpie. 

4. Determine the starting performance of the motor of Problem 1 for an external 
resistance = 0. Is the starting jK'rformance with external resistance = 0 satisfactory? 

5. For the motor of Problem 1 determine the external resistance necessary to start 
the motor with rated torque, and also the stator current which occurs at this resistance. 
Compare this stator current with that of a squirrel-cage motor, 

6 . A 125-11P, (v-polc, 3-pliase, 6(bcycle, 2300-volt, Y-connected, squirrel-cage 
induction motor has the following fx;r-unit parameters at s = 1 (ji, X 2 unsiit. values): 

r, - 0.017 r,n = 0,20 fo' = 0.018 

- 0.095 Xm = 3.1 xo' = 0.10 

The saturation factor of the leakage paths at s = 1 and starting with full voltage is 
1.23. Determine the voltage ratio of an autotransformer necessary to reduce the starting 
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current to 60% of the value which occurs at starting with full voltage. (Assume that the 
saturation of the leakage paths at 60% starting current is 1.1.) What will be the start¬ 
ing torque at that voltage ratio? 

7. Determine for the motor of Problem 6 the series ohmic resistance in the stator 
circuit necessary to reduce the starting current to 60% of the value which occurs at 
starting with full voltage. What is the loss in this resistance? 

8. Refer to Problem 7. What is the starting torque with the resistance which reduces 
the starting current to 60% of the value which occurs at full voltage? 

9. Determine for the motor of Problem 6 the series inductive reactance in the stator 
circuit necessary to reduce the starting current to 60% of the value which occurs at 
starting with full voltage. 

10. Refer to Problem 9. What is the starting torque with the inductive reactance 
wliich reduces the starting current to 60% of the value which occurs at full voltage? 

11. With 2300 volts at the terminals of a 3-phase, wound-rotor induction motor the 
end meas\ired at the open-rotor slip rings at standstill is 040 volts. For a blocked rotor 
test with 780 volts at the stator terminals and the slij) rings short-circuited, the line 
current is 275 amp and the power input is 115 kw. W hat resistarure (in ohms) should 
l)c connected, (a) in star and (1)) in delta, to the rotor slip rings so that, with 2300 volts 
applied to the stator, the rotor current at standstill will be unclianged? W"hat is the 
latio of the torques developed in the two cases? (Neglect the magnetizing branch and 
assume that the stator and rotor parameters are ecjual. Further, neglect the voltage 
dro])s in the stator for the open-rotor test.) 

12. It is to be decided wliethcr to start a scjuirrel-cage iruhiction motor by means of 
nil autotransformer or a scries resistance int he stator circuit. In each case, the line 
current at full voltage must be ecjual to the rated current of the motor. For a Iilocked 
rotor test with 25% rated voltage at the terminals of the motor, the motor current is 
equal to the rated current and the power factor is 0.20. Compare the starting torques 
for the two methods of starting. (Neglect the magnetizing branch and assume ecjual 
jiarameters for stator and rotor.) 

13. A 500-IIP, 3-phase, 25-cycle, 2300-volt, 12-pole induction motor has a slip of 
1 .S% at full-load. The resistance of the rotor winding i>cr j)hase, referred to the stator, 
is 0.5 ohm. Wliat is tlie rotor current at full-load? What is the ratio of delivered to 
develof)cd toique? What is the starting tonjue, if the terminal voltage is adjusted so 
that the rotor current is twice its full-load value? (Total rotational losses = 2.5%.) 

14. A 500-1 IP, 3-i>hase, 60-cycle, 2300-volt induction motor has full-load copfxjr 
losses in the stator and rotor windings exjual to 2.4% and 2.6%,, respectively. The total 
iron loss is S.O kw. The iron loss due to the fundamental flux is 3.5 kw. The friction and 
windage losses are 8 kw. The magnetizing eurrent is 20 amp. The leakage reactances of 
the windings at s = 1 are 4.5 times their resistances. Determine the terminal voltage 
of this motor if the starting current is to l)c 200 amp. (Neglect the skin-effect in the 
rotor winding. Stray load loss = 5.5 kw.) (Full-load cos <t> = 0.90 in.) 

15. A 2000-HP, 24-pole, 3-phase, 60-cycle, 6600-volt, star-connected wound-rotor 
induction motor has a turn ratio 8.05. The rotor is star-connected. The speed of this 
motor is controlled a 3-phase a-c commutator machine set between rated speed and 
-30% of rated sf)f*ed. Determine the approximate values of voltage and the kva of the 
coInImltat^)^ machine, neglecting voltage droj>s due to resistance and leakage reactance 
of the stator winding, and leakage reactance of the rotor winding. 



Chapter 30 


SOME SPECIAl. INDUCTION MACHINES 


Some of the maehiiiefs deserilied helovv have only the eoMstruetion but 
not the behavior in common with the induction motor. This is ])ointed 
out in th»e discussion of the individual machines. 

30-1. The synchronous induction motor. Consider Eq. 29-1. If the fre- 
<lU(Micy/o of t he line to which the rotor is connected is equal to zero, the 
rotor s{)eed Ixa’omes 

120r, 

71 = -•- = tls 

P 

i.e., there onlj/ one speed, the synchronous speed, at which a imiform 
torque is developed. Thus a wound rotor motor, the rotor of which is 



R 


Fic.. 3(V 1. Conru‘ctioii diapram of the* synchronous induction motor. 

excited with direct current, runs with synchronous speed and operates as 
a synchronous motor (see Art. 2t)-3d). Fig. 30-1 sliows the connection 
diagram of tlu' synchronous induction motor. R is the starting resistanci* 
which is cut out during running; DC is the exciter of the iiulvKdion motor. 
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Field current is applied by the exciter after the motor comes up to speed. 
The d-c excitation then pulls the motor into “step”, i.e., into synchronous 
speed (see Art. 40~4). 

The synclironous induction motor has been used for many applications, 
especially in Europe. The advantage of this type of machine lies in a 
l)etter starting performance as compared with that of the salient-pole 
synclironous motor (see Art. 40-4). On the other hand, low-voltage 
exciters with high current ratings have to be used for these machines; 
tliis is necessitated by tlie limited starting voltage at the slip rings of 
induction motors; such a limited voltage requires a small number of rotor 
turns and therefore a low rotor resistance so that is small. 

30-2. Induction motor with a rotating flux produced by a d-c excited 
rotating pole-structure (electromagnetic coupling). 11 le rotating flux of 
tlu‘ conventional induction motor is produccal by polyphase windings 
carrying polyphase currents. A rotating flux can also !h prodined hy a 
rotating pole-structure excited by direct current, and such a rotating 
flux has the same effect as that produced liy polyphase a-c windings. 
Use is made of this where an a-c source is not available, as for example, 
on shiplioard. An induction motor of this kind must have additional 
bearings so that hoili iiKunliers, the primary and tli(‘ se(*ondary, can rotate 
independently. The primary has a d-c (‘xcitcal poIe-structur(‘, while the 
secondary nuanber has a single- or doubl(*-cage winding. When pla(*ed 
l)etween a Diesel and a geared propeller shaft on shipboard, tins machine 
prevents the transmission of torque pulsations to the gears. 

30-3. Self-synchronizers (Selsyns, Synchro tie Apparatus, Autosyn, etc.). 

In many power applications, as for example in lift-bridge drives, printing- 
press drives, etc., it is desirable to tie tog(;tlier two or more parallel 
drives, by a pure clcclrical interconnection, in such a manner that the 
speeds as well as the space-phase alignments of the difTerent drives are 
the same. For this purpose wound rotor induction motors (;an be used. 
Consider Fig. 30-2 in which the stators of two 3-phas(^ wound-rotor 
induction motors are connected to a common source of power and the 
rotors are electrically interconnected. Sincci each of the machines is 
connected to two sources of power, lioth will beliave as S}7iclironous 
machines (see Art. 29-3d), and each machine will influence tlie speed of 
the other ma(‘hine in such a manner that both machines will always run 
synchronously. Assume, for example, that the line frecjuency in Fig. 30-2 
is 60 cycles, that the machines are 2-poIe, and that the rotor of one ma¬ 
chine operates at a speed rti = 17<S0 rpm while the rotor of the other 
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macliine runs at speed n 2 = 1820 rpm. The rotor frequencies correspond¬ 
ing to these two speeds are (see Eq. 24-17) 


3000 - 1780 


00 = 30.35 


. _ 3600 


60 = 29.65 


The firat rotor which runs at tiie lower speed w'ill be forced, by the 
second maciiine, to assume the speed (see Eq. 29-1) 

, 60 — 29.65 

= ---- 120 = 1820 rpm 


i.e., to increase its speed, and the .second rotor which has the higher speed 
will be forced by the first machine to assume the speed 



i.e., to decrease its .speed. Thus, .synclironizing forces will make both 
machines always run .synchronou.sly mlh the same speed. 

Now consider the machines at a 6.\ed speed, 'fhere is only one relatite 
position of both rotors at whi(!h the .secondary emf’s will be exactly 
opposed with respect to the circuit of the two rotors, .so that no current 



Fig. 30-2. Connection diup-ain of I kj. 30-3. Phiisor diagram of 

two 3"phiwe self-synchronizers. the rotors of two self-syn¬ 

chronizers. 


will flow in the secondary windings (Fig. 30-3a). For all other positions 
of the two rotors, there will be a resultant voltage {\E, Fig. 3(}-3b) 
which will produce a current and torque tending to turn the rotors to 
that position where the rotor emf’s are opposed. One of the two machines 
operates as a generator {transmitter) and the other as motor (receiver), the 
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generator tending to reduce the angle by which its rotor is advanced, 
and the motor tending to reduce the angle by which its rotor is behind. 



Displacement (el. deg.) 


Fig. 30-4. Torque as a function of displacement for two Bolf-synchronizers. 


Fig. 30-4 refers to t wo 25-hp,8-pole,60-cycle, 3-phase .self-.synchronizer8 
and shows the transmitter and receiver torques as a function of the dis¬ 
placement of the two rotors for a fixed speed. 



It is evident that the torques which line up the .self-synchronizers 
will be small when their rotors run in the direction of their rotating fluxes 
at low slip, because at low slip the rotor emf’s are small (see Eq. 24-19) 
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and the current in tlie circuit of the two rotors will be small. Large rotor 
emf^s and larg(‘ synclironizing tonjues are obtained at high slips, and also 
when the rotors run opposite to the direction of their rotating fluxes. 
In the latter case .s > 1. Fig. 30-5 rehns to the same two machines as in 
Fig. 30-4 and sliows the torcpie as a function of slip for a fixed displace- 
m(*nt of the two rotors. 

Note tbat Fig. 30-4 n'fers to a value of slip larger than 1, i.e., to rotors 
running opi)osite to th(^ direction of tlieir rotating fluxes. 



Fi<;. 30-0. ( VmiK'ction of two BiiiKl(*-ph!i.so position indicators. 


30-4. Position indicators. In many applications, for example elevators, 
hoists, g('n(*rator rheostats, gates or valves, etc., an indication of position 
is desirable. In tiiese cases units are used with 3-phase stators and single- 
f)hase rotors. The connection diagram of two position indicators is shown 
in Fig. 30 fl. The 3-i)hase stator windings are directly connected togetlier. 



Fi<;. Torque ns a fmu tion of displaceim'ut for two Balicnt-pole position indicators. 

Tlie rotor windings are excited by a-c. One of the machines operates as a 
transmitter and the other as a receiver. For reasons explained in the fore¬ 
going article, if the rotor of the transmitter is turned through a certain 
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angle, the rotor of the receiver will follow by the same angle. Fig. 30 7 
shows a typical torque-displacement curve for two units. 

The rotors are usually of the salient-pole type, as in tlie synchronous 
machine (see Fig. 35-1), because the saliency introiluces tlie advantage 
of increasing the synchronizing toniue l)y the reluctance torque (see 
.\rts. 39-1 and 41-1). Fig. 30-7 refers to salient-pole rotors. 

Position indicators are usually of fr.actional-horsopower rating while 
the 3-phase self-synchronizers of the wound rotor t.\ pe d(\scribed in the 
foregoing article are built as larger units (up to 100 HP). 

30-5. The induction voltage regulator. Tlie induction voltage ri'gulator 
is an induction motor which is used as a transfoinier to regulate the 
voltage of an outgoing circuit from a central station having many .single 
circuits. The rotor does not rotate continuously but may b<‘ rotated 
through a range of 180 electrical degrees. 



Fid, 30-8. Scht'iiiiitip diiipiraiii sliowing tho principle of oiieniUon of ii isingle-]ihiiso iiuiucl ion 

regulator. 

As in the case of the induction motor the induction voltagje reg;ulator 
may be either single-pliase oi’ polyphase. Since it has to add or subtract 
an increment of line voltage, its secondary is in series ivilh the line. Fig. 30-8 
shows the coil arrangement of a single-pliase induction regulator witli 
single-phase windings on both the stator and the rotor. The primary F 
(usualh^ the rotor) is connected to the power line as in tho ordinary 
transformer. The secondary S is in series with the line. Vi is tlie non- 
regulated voltage; F 2 , the regulated. V, is the secondary voltage of the 
induction regulator. Thus 

V 2 = TT ± F. (30~1) 

The magnitude of F, depends upon the mutual inductance between the 
secondary and primary windings of the induction regulator, i.e., upon 
the angle between the axes of the windings P and S. F, is a maximum 
when the axes of the two windings coincide (Fig. 3(F-8a); F, is zero when 
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the axes of the windings are shifted 90 electrical degrees with respect to 
each other (Fig. 30-8c). The angle between the positive and negative 
maximum of V, is 180 electrical degrees. 

Consider Fig. 30-8c in which the axes of the windings are perpendicular 
to each other. The voltage V, of the secondary winding due to the trans¬ 
former flux is zero, i)ut, since this winding carries the load current which 
is an alternating current, an emf of self-induction is induced in it. Hence, 
the secondary winding appears in the load circuit as a reactor which would 
reduce the load voltage V 2 if its reactive voltage drop were not nullified. 
Fig. 30-9 shows the actual coil arrangement of the single-phase induction 



3(M). (M)il arningoment in Fia. 30-10. Schc^mutic diugmin of the 

the HingUv-pha^o iruluelion regulator. 3-phase inductum regulator. 


silifted 90 electrical degrees with respect to the primary winding. Fig. 
30-9 shows the primary and secondary windings in the same position as 
Fig, 30-8c. However, it can be seen from Fig. 30-9 that the flux produced 
by the load current in the secondarj^ winding aS also will link tlie short- 
circuited winding aSC, because the axes of tliese windings coincide. Since 
the winding SC is short-circuited, the secondary winding S and the wind¬ 
ing SC behave as a transformer under short-circuit conditions, i.e., the 
flux in the axis of the secondary wiiuling S is small and the voltage drop 
in the line is caused only by the relatively small leakage fluxes of the 
secondary winding aS and t he w inding SC, 

The voltage drop in the line due to the secondary S of the regulator 
at the position show n in Fig. 30-8e could appear to a lesser degree (corre¬ 
sponding to the sine of the angle betw^een t he axes of the coils P and S) at 
any intermediate position betw^een those of Fig. 30-8a and Fig. 30-8c. 
How’'ever, since the compensating winding SC has a fixed position with 
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respect to the primary winding P, it has the same effect on the secondary 

and the line at intermediate positions as for the position shown in 
Fig. 30-9. 

Fig. 30-10 shows the coil arrangement of a 3-phase induction regula¬ 
tion. The primary winding can be connected star or delta while the second¬ 
ary is again in series with the line. The action is somewhat different from 
that of the single-phase induction regulator. The primary currents produce 
a rotating flux which induces a voltage in the secondary winding. The 
magnitude of this induced voltage is independent of the relative position 
of the windings. However, the relative position of the windings determines 
tlie phase of the secondary voltage T, with respect to 
the primary voltage Vi. The relation here is 

Va = Vi + V, (30-2) 

i.e., the regulated voltage is tlie geometric sum of Vi 
and Va. Fig. 30-11 shows the voltage diagram of the 
polyphase induction regulator. As in the single-phase 
induction regulator, tlie maximum regulated voltage is 
i 1 and the minimum regulated voltage is Vi — 

1^. For intermediate positions of rotor and stator the 
end-point of Vs and also of F 2 moves on a circle. 

A short-circuited compensating winding (see Fig. 

30-9) is not requirc'd for the polyphase induction 
regulator. 

Induction regulators usuallv are built as vertical 2 - Inc;. 30 11. Volt- 

, . . .11 " ^* 1^1 of tho 

pole maclimes, or m the larger sizes as vertical 4-pole ma- polyphase induc- 
chincs. The smaller the number of poles, the larger the tion regulator, 
mechanical angle which corresponds to 180 electrical 
degrees, and the easier tlie voltage adjustment. The gradual rotation of 
the rotor is accomplislied by a w’orm-gear drive with the gear on the shaft 
of the rotor. The w^orrn is usually operated by a motor controlled auto¬ 
matically by voltage relays. Since the rotor of the induction regulator 
does not rotate, it may he cooled by oil just as any ordinary transformer. 
This is of decided advantage w^hen the induction regulator is used to 
regulate a high-voltage line. 

30-6. Resolvers. Resolvers are used to perform trigonometric operations 
in analog computing devi(?es and control systems. One of the common 
operations is the production of a pure sinusoidal voltage as a function of 
the angle between stator and rotor windings. 

Resolvers are built 2-pole for an output of few millivolt-amperes. 
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Both stator and rotor have two single-phase windings. Fig. 30-12 shows 
a schematic diagram of the windings of a resolver. As in the induction 
voltage regulator the rotor does not rotate continuously but may be 
rotated througli a range of 180 electrical degrees. 

The single-phase voltage impressed upon the two primary windings 
(stator or rotor windings) produce two alternating fluxes shifted 90 de¬ 
grees with respect to each other in space. 
It will be assumed that the primary wind¬ 
ings lie in the stator and the secondary 
windings in the rotor. If the emf's induced 
by tlie two stator fluxes in the stator 
windings are E^i and Es 2 f then for a dis¬ 
placement 5 of the axes of stator and rotor 
windings, the emf’s induced in the rotor 
windings are (Fig. 30-12) 

Erl = cos 8 + aJ ?,2 sin 5 

Er 2 ” — (lEai sin 5 “I” (iEs 2 cos 8 

where a is the ratio of rotor turns to 
stator turns. 

It is r(‘(|uir(Ml tlial the secondary v^oltages Eri and Er 2 be purely sin¬ 
usoidal. 'lliis nec(‘ssitates sinusoidal flux distribution and a sinusoidal 




(a) 



Fk3. 30-13. Cfuiductor distributioM in the priman' of a resolver for sinusoidal flux distri¬ 
bution. 


distribution of the rotor (secondary) conductors. The sinusoidal flux 
distribution can be achieved through a sinusoidal distribution of the 
stator (primary) conductors. Fig. 30-13 shows such a conductor dis¬ 
tribution for a rotor with 12 slots. One of the two windings lies in the 
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slots 1-7, 2-6, 12-8, 3-0, and 11-9 and has its pole axis throuKh the slots 
4-10; the other winding lies in the slots 4-10,5-9, 3-11, 6-S, and 2-12 and 
has its pole axis through the slots 1-7. The angle K lween 2 slots is 
360/12 = 30 degrees. Considering the first winding (I'ig. 30-13a), the 
number of turns in slots 1-7 is 2.V, the number of turns in slots 2-<i and 
12-8 is 2A’ cos 30° = the number of turns in slots 3-5 and 11-9 is 

2.V cos 60° = X, and the numlier of turns in .slots 4 and 10 is 2.V cos 90° = 
0. The second winding has exactly the same distrilmtion but shifted 
90 degrees. 

In order to eliminate the influence of the harmonics of high order, 
rotor or stator slots must be skewed (see Art. 22-2). 

PROBLEMS 

1. A 40-kvv, unity power factor, 440-volt, single-phase lo‘i:l is fed through an in¬ 
duction voltage regulator which is boosting the primary line voltage 15%. Determine 
the currents in each winding of the regulator neglecting the magiu'tizing current. 

2. A 2-kva induction voltage regulator is designed to operate on either a 115-volt 
or a 230-volt sujiply circuit. There are two jirimary windings and two secondary wind¬ 
ings which give 100% buck or boost on the load sivlc when voltage is applied to the 
regulator. Specify the coil currents for each connection and show properly labeled 
diagrams of connections. Neglect magnetizing current. 

3. A 230-volt, 3-pliase, 60-cycle, wound-rotor, Y-connected induction motoi* has a 
slip-ring voltage of 120 volts at standstill with the sli|) rings ojien. This motor is to l)e 
used as a 3-phase induction voltage regulator to Ixiost the 230-volt line voltage 15%. 
Determine the angle between stator and rotor voltages necessary to achitw'c tliis bof)st 
neglecting the magnetizing current and the resistance and reactance drops in the 
machine. 

4. Repeat Problem 3 for 5% and 10% l)oost in voltage. 

5. Repeat Problem 3 for 5, 10, and 15%. voltage })uck. 

6. Referring to Problem 3, what are the maximum and minimum voltages (available 
on the regulated side) which this niachiiK^ can produce? Negl(*ct the magnetizing cur¬ 
rent and the resistance and reactance drops. 
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THE SINGLE-PHASE INDUCTION MOTOR 


Any 3-phase induction motor can be made to operate as a single-phase 
induction motor liy opening one of the three stator phases. The two 
remaining stator phases constitute a single-phase winding distributed over 
I of tJui pole pitch. A 3-phase winding is ordinarily a 2-layer winding 
(see Art. 21 -la), while the actual winding of the single-phase motor is 

usually single layer and of the 
chain type (see Art. 21-1 c). 

Fractional-horsepower mo¬ 
tors are usually single-phase, 
and there are many types of 
such single-phase motors. The 
differences between them are 
described in Chapter 33. How¬ 
ever the mechanical elements 
of tlie single-pliase induction 
motor are the same as those 
of the polyphase induction 
motor, except that a centrif¬ 
ugal switch is used in certain 
types of single-phase motors, 
in order to cut out a winding 
used only for starting (see Chap. 33). Fig. 31--1 shows the cutaway view 
of a single-phase motor with centrifugal switch. The rotor of the single¬ 
phase induction motor is usually of the squirrel-cage type. 

31-1. Replacement of the alternating flux by two rotating fluxes. The 

single-phase stator w inding of the single-phase motor produces an alter¬ 
nating flux (see Art. 22-2) which is at standstill with respect to the stator. 
It has been shown in Art. 22-2 that an alternating flux is equivalent in its 



Fig. 31-1. C’utaway vi(*w of a Hingle-phase in¬ 
duction motor with centrifugal switch. 
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operation to two rotating fluxes traveling in opposite directions, each 
having an amplitude equal to half of that of the alternating flux. Use will 
1)0 made of this property for the analysis of the siiigle-pliase motor. 

The rotating flux which travels in the same dirc'ction of rotation as the 
rotor is called the forward rotating flux, while tlie rotating flux which 
travels in the opposite direction to the rotor is called the backward 
riiiating flux. 

Contrary to the polyphase induction motor, wliei*e the rotor emf is 
induced by only one rotating flux, it is induced here by two rotating 
fluxes, and the influence of each flux on the rotor is to be considered 
separately. The effect of each of the two rotating fluxes on the rotor of the 
single-phase motor is the same as that of the single rotating flux on the 
rotor of the polyphase motor. 

Assume that the rotor has a speed n rpm. Then, according to the 
definition of the slip s (see Eq. 24-18), the slip of the rotor with respect 
to the forward rotating flux is 


Us — n 


= 1 


n 

Us 


(3U1) 


Since th(* backward rotating flux rotates opposite to the rotor, the slip 
of the rotor with respect to this backward rotating flux is 


71 s — (—U) 

U, 



(31-2) 


In order to mak(^ clear the influence of the two lotaiing fluxes on the rotor 
it will be assumed that 7 i < Then, witli resjiect to the forward rotating 
flux, and according to Eq, 31-1, .s is positive and smaller than 1. Con¬ 
sidering the circle diagram of the polyphase motor Fig. 27-5, it is seen 
that the rotor, under the influence of the forwai’d rotating flux, operates 
as in a motor. With s positive and smaller than 1, tlie slip of tlie rotor 
with respect to the backward rotating flux is, according to Eq. 31-2, 
positive and larger than 1. Again considering the circle diagram of Fig. 
27-0 it is seen that the rotor, under the influence of the backward rotating 
flux, operates as in the region of brake operation. Thus the two rotating 
fluxes have an opposite influence upon tlie rotor. 


31-2. Torque of the single-phase induction motor. The relation for the 
developed torque, Eq. 26-7, derived for the polyphase induction motor 
can be applied to each of the two rotating fluxes of the single-phase 
induction motor. Thus the torque developed by the rotor under the in- 
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fluence of tlie forward rotating flux Ls 


Ti 


n, s 


(31-3) 


and tho torque developed by the rotor under the influence of the back¬ 
ward rotating flux is 


T, 


iwt 

Us 2 — 8 


(31-4) 


/o/' and Lih are the eiirrents produced in the rotor by the forward and 
backward fluxes respectively. The resultant developed torque is the sum 
of Tf and 7V. Thus 

Tr = Ts + T, (31-5) 

Fifz;. 31-2 shows lioth torques and the resultant torque for slips between 0 
.uid +2. The resultant torque is zero at standstill in ac^cordance with tlie 
fact that an iilt(‘rnating flux is not al)le to start an induction motor: only 



a rotating flux is able to do this. At standstill s = 1 and 2 — 8 = 1 and 
both rotating (luxes have ecjual but opposite influence on the rotor; 
therefore T/ = — 7 ^/, and Tr = 0. However, at any other slip, \Tf\ 9 ^ \Tb 
and there exists a dri\ ing torcpie 7V. This means that there is no torque 
on the rotor when it is at standstill (8 = 1), but as soon as the rotor 
starts rotating {n > 0), regardless of the direetion of rotationy a driving 
torque is present which will bring the rotor up to about synchronous 
speed (n, = r20/i/p) as in the polypliase motor. At synchronous speed 
(s = 0) the resultant torque has a small negative value. 



THE SINGLE-P!!.\SE INDVCTION MOTOR 


303 


31-3. Blirchhoff’s mesh equations of the stator and rotor circuits. 

It is now simple to derive, on the basis of the foregoing. Kirchhoff’s mesh 
equations for both rotor and stator. The two rotating fluxes induce two 
emf's and two currents (/o/' and l 2 h) of the frequencies sfi and (2 — s)Ji 
respectively, in the rotor. Since ihe frequencies are different, the two emf’s 
and tlieir currents must be considered separately, i.e., two Kirchho(T\s 
mesh equations must be set up for the rotor, namely, (see Eq. 25-3). 



^ 2 / — ^ 2 / (-^—h 7 X 2 ^) 

(31-6) 

and 



E2.' = I2/ (~£ + .;x 2 ') 

(31-7) 

Neglecting at first the iron losses due to tlu' main flux, the Oiiif’s E 2 / 

and Eoh 

' l)Ccome, according to the Eejs. 25-4 and 25-0, 



Eo/^ = ■”i(Il + l2/0*^w 

(31-S) 

and 

E2// = ~”j(Il + 'i^2b)^m 

(31-9) 

(Ii + I 

2/0 is the resultant mmf, i.e., the magnetizing current 

of the 


forward rotating flux; (Ii + Lzb^) is the magnetizing current of the back¬ 
ward rotating flux. All quantities in Eqs. 31-() to 31-9 are referred to the 
stator. Therefore the emf’s induced in the stator winding l)y the two rota¬ 
ting fluxes are also equal to E 2 / and E 2 h Eq. 24-10), and KirchhoiT’s 
mesh equation for the stator is (see Eq. 25-2) 

V, = I, (n + jx,) + idi + l 2 /')a:., + i(Ii + l 2 //)^m (31-10) 

31-4. The equivalent circuit of the single-phase induction motor. The 

equivalent circuit of the single-phase motor is obtained from Eq. 31-10 
by eliminating the rotor currents 1 2 / and 1 2 b with the aid of Eqs. 31-6 
to 31-9. Introducing the abbreviations 

r ' 

Zi = ri + jxi Z2/' = — + 7X2'; 


Z 2 /> — ^ “b j ^2 and jx^ 

2 — s 

(31-11) 

Eq. 31-10 becomes 


V - I fz 4 - - 1 

‘ L ^ Z,„ + Z 2 /' ^ Z„, + Z2,/J 

(31-12) 


The second term in the i)racket is the impedance of Z,„ and Z 2 /' connected 
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' 2 / 


in parallel; the third term in the bracket is the impedance of Zm and 
connected in parallel. Therefore, the equivalent circuit of the single-phase 

induction motor is as shown in Fig. 31~3, or 
more explicitly as shown in Fig. 31-4. The 
iron losses due to the main flux were neg¬ 
lected in the previous considerations. Tak¬ 
ing these losses into account the equivalent 
circuit of the single-phase induction motor be¬ 
comes as shown in Fig. 31-5 (see Fig. 25-4). 

With the parameters given, it is possil)lc 
to determine from the equivalent circuit the 
primary current, the primar}^ power factor, 
and the rotor currents I 2 / and l 2 b'> Then, 
with the aid of Eqs. 31-3 to 31-5, the for¬ 
ward and backward torciues and the re¬ 
sultant torque can l)e calculated. 

Fig. 31-() shows the forward rotor current 
12 /y the backward rotor current l 2 b\ and the 
stator current I\ as a function of slip. The l)ackward current l 2 b a 
mirror image of tlie forward current I 2 / with respect to the axis of 
ordinates through .s = 1. 1 2 / is zero at s = 0; 1 21 / zero at .s* = 2. 



Fkj. 31'3. I'](iuival(‘nt cinniit of 
the Hiiigl(i-pha.se induction motor. 


r, .r, 




Kio. 31 4. KnuivaU'nt circuit of 
the 8inKi<'-pha4<e induction motor — 
iron h)8.si*a duo to the imiin flux 
neglected. 


Fio. 31 o. lujuivalent circuit of 
the singh^phase induction motor— 
iron l(>s8(^s due to the main flux 
considered. 


31-5. The circle diagram of the single-phase induction motor. It can \ye 
shown by a consideration similar to that for the polyphase motor (see 
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Art. 27-1) that Eq. 31-12 >’ields a circle for the p:eometric locus of the eiul- 
point of the primary current, just as in the polyphase motor. The equa¬ 
tions for the radius and for the coordinates of the center point are very 



of slip. 


complicated. The circle is therefon* hest const rucl(‘d from tlie three 
characteristic points, .s = 0 , s = 1 , and s = cc, for which lh(‘ currents 
can l)e determined from the equiva¬ 
lent circuit. If no-load and locked- 
rotor tests are available, only the 
current for the point s = is to be 
determined from the equivalent cir¬ 
cuit. Fig. 31-7 shows tlie circle dia¬ 
gram of the single-phase motor. Pq' 
corresponds to s = 0 , Pl to s = 1 , 
and Pac to s = oo. Py is the no-load 
point. 

There is a small negative torque 
at s = 0 due to the backward rotat¬ 
ing flux. However, the line through 
Po' and Pl represents with fair approximation the Pro.dev-Line (see Fig. 
27-4), and the distance from any point of the circle to this line is a 
measure of the developed mechanical power. As in the polyphase motor, 



Ficj. 31-7. C’irrle diagram of the Bingle- 
phase induction motor. 
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the /^oi.dei-Line can be found by drawing a line parallel to the Pm drv- 
Line, through the point I\ (see Fig. 27-4). 

The circle diagram of the single-pliase motor does not include a torque 
line since the torfiue of the single-phase motor is zero not only at a point 
close to 8 = 0 (P()') and s = ^ (P«) but also at standstill (s = ], 
P/J. The determination of the torcpie-speed curve from the circle diagram 
is not possil)le for the single-phase motor; as a result the circle diagram of 
the singl(?-phas(^ motor is of little v'alue. 

The single-phase motor can operate as a generator, but it cannot 
operate as a brake (dotted part of the circle between Pl and P*). Opera¬ 
tion as a l)rake means t hat, the rotor rotates in a direction opposite to that 
of the rotating flux, (k)nsidering the fact that the forward and backward 
fluxes rotate in opposite dire(*tions, the single-phase motor has no defined 
direction of rotation; it is capable of coming up to speed from standstill 
(s = 1) in either direction and there is no possibility for its rotor to run 
against its rotating flux. 



Chapter 32 


DETERMINATION OF PARAMETERS FROM A 
NO-LOAD AND A LOCKED-ROTOR TEST 


32-1. The no-load test. The no-load tost is roii at ratc'd voltaic Vi with 
tlio starting winding open (see Art. 1 j, and /<, and /^, ar(' inoasiinMi. 
Fig. 32-1 shows the ecinivalent oirouit iov no-load (.s ~ 0). At synchro¬ 
nous speed no current flows in the rotor of tlu^ poltfpfKhsc motor (see Fig. 
28-1) because the relative speed lietween the lotating flux and the rotor 
is zero. However, it is quite difTerent with the singl(‘-phas(* motor, for 
at = 0 there is no difference in speiMl between the rotor and the forward 
rotating flux, but there is a diffenmee in 
speed equal to twice the syn(*hronous speed 
lietween the rotor and the l)ackward rotat¬ 
ing flux. Therefore current 72// flows in the 
rotor of the single-phase motor at .s* = 0. 

At no-load the rotor current of the polyphase 
motor is negligible. As can be seen from h"ig. 

32-1 this is not the case with the single- 
phase motor. 

At no-load the stator of the polyphase 
motor carries only the magnetizing current 
necessary to sustain tlie main flux since 
there is no armature reaction from the rotor. 

The stator current of t he sinRle-phase motor i. lOquivalent circuit of 

at no-load is ahout twice the inapjnctizinpj Uie Biuglc-pi»a«c niotor at no-loa<l. 
current, owing to the armature reaction from 

the rotor current l 2 b- As a result, the stator copper losses of the single¬ 
phase motor at no-load are larger thari t hose of the polyphase motor. At 
no-load the copper losses in the rotor of the polyphase motor are « 0, 
but there are copper losses at no-load in the rotor of the single-phase 
motor due to the current l 2 b- 
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Since (r^ +jx„t) is large in comparison with +JX 2 J , 1 2 b ^ /o 

at no-load (see Fig. 32-1 and also Fig. 31-6). It will be shown in the follow¬ 
ing article that r 2 « ri/2. Hence the rotor copper losses at no-load can 
be assumed equal to 0.5ri/o^. 

Thus the power input at no-load Po consists of the iron losses due to 
the main flux, the friction and windage losses, the rotational iron losses, 
the copper losses in the stator winding and the copper losses in the 
rotor winding « 0.5/o^ri. Sul^tracting from Pq the sum + l{?ri + 

0.5Io^ri)y the remainder is the sum of Pf,-^c + Pir.rot- It can be assumed 
with fair approximation that the iron losses due to the main flux are equal 
to ^{Ph+e + /^r.^ot). Tims the iron losses due to the main flux, which are 
necessary for the determination of the parameter r,^, are known. 

It follows from the equivalent circuit of Fig. 32-1 that, for no-load 

(;« « 0 ), 

F, «(2;v - 1) (32-1) 

where 

fca = 1 + -- (32-2) 


or 


/o 2k^ - i 


(32-3) 


Xm cannot be determined from Ecj. 32-3 because ko is unknown. How^ever, 
A *2 varies within narrow limits, usually between 1.03 and 1.07, and a 
certain value for Ao can be assumed at first.. This value can be checked 
later (see the following article). A knowledge of is necessary for the 
determination of r,,,. 

As for the polypliase motor, Eqs. 28-5 and 28-4, 


grn = (32-4) 

7^1 — I 1 — Ii)Xi (32—5) 

Ex consists here of two parts: the \oltage across the forw^ard branch 
ii' 2 /> «^iid the voltage across the backward branch ^ 2 ^', Fig. 32-1. Since 

(^m + j^m) 12 ^ large in comparison with » the voltage E 2 / ij^ 

large in comparison with tlie voltage It can l)e assumed that the 
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ratio of the two voltages is the same as that of the two impedances 
(r„, + jx„) « jx„ and + jx A , i.c., 



(32-6) 


Since Ei = ^ 2 / d" ^ 2 b' 


« Et 


C 

1 + C 


(32-6a) 


Apsuming that the iron losses are produced by the forward rotating flux 
only, Ix'cause the backward cmf is small and the backward rotating flux 
therefore weak 



Further from Eq. 28-7 

^rn ^ Qm^rn 


(32-8) 


Thus the no-load test yields the main flux parameters .t„, and provided 
that tiie resistances ry and r 2 ' and the leakage reactances Xy and X 2 ' are 


known. These parameters can he ol)tained 
from the short-circuit (locked-rotor) test. 

32-2. The locked-rotor test. This test is made 
witli the starting winding open, and T/., /a, 
and /^A aie measured. As for the polyphase 
motor, r]q. 28-9, 



The equivalent circuit for the locked rotor. 
Fig. 32-2, yields witli fair approximation 

Z(.=n « (r, + ^) +jix, + 2x./) (32-10) 



P'lG. 32-2. Equivalent circuit 
of the Bingle“pha«e motor at 
BtandHtill. 


i.e., at locked rotor, the equivalent resistance of the motor is approxi¬ 
mately equal to the primary resistance plus twice the rotor resistance, 
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and the equivalent reactance of the motor is approximately equal to the 
primary reactance plus twice the rotor reactance. 

Ti is measured separately. Then, using the measured locked-rotor 
resistance I{ 

r,> = (32-11) 

For the .separation of Xi and x/, it is usually assumed that 

X, « 2x,' = ~ (32-12) 

With these values of Xi and ^ 2 ', the previously assumed value for /j 2 can 
be cliccked, and the resistance r-j'y the quantity C (Eq. 32-0), and the 
resistance r„, can l)e determined. 

32-3. Influence of the parameters on the performance of the motor. 

The influen(!e of the parameters on the performance of tlie single-phase 
motor is, in general, the same as that- on the polypliase motor. However, 
the existence of the backward rotor (‘urrent J 21 / results in an increase in 
the stator current and mainly of its reactive component. This makes the 
poriwr factor of the single-pliase motor lower than that of tlie polyphase 

motor. Also tlie efficiency of tlie single-phase 
motor is influenc(‘d by the increased copper 
losses in liotli the stator and rotor. 

A further diffcueiice between the polyphase 
and single-phase motor appears in the influence 
of the secondary resistance on the pull-out 
torque. The rotor resistance does not affect the 
magnitude of the pull-out torque in the poly¬ 
phase motor (sec Art. 28-4d); it affects only 
the pull-out slip, i.e., the slip at which the pull¬ 
out torque appears. Because of the liackward 
rotating flux, the rotor resistance influences not 
only the pull-out slip of the single-phase motor 
but also the magnitude of the pull-out torque. 
Fig. 32-3 shows speed-torque curves of a single¬ 
phase motor for different values of r 2 '. Tlie larger the rotor resistance, 
the smaller is the pull-out torque. Speed control of a single-phase motor 
with a wound rotor by means of a resistance in the rotor circuit is there¬ 
fore possible only within a narrow range. 



Fio. 32-3. Infliienro of the 
rotor resistaiK'o on the torqiK'- 
speed curve of the siugksphiise 
motor. 
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Example 32-1. The determination of the parameters from a no-load and locketi-rotor 
test will be demonstrated on §-HP 6-pole 60-cycle split-phjise motor for 110 volts. 

(a) No-load test (starting winding open) shows 

Vi = 110 volts, Po — 63.0 watts, /o = 2.70 amp 

Ti after the test = 2.65 ohms; Pf^w = 3.0 watts (ball-hearing motor) 

(b) Locked-rotor test (starting winding open) shows 

Vl = 110 volts; Pl = H51 watts; 1l = 11.65 amp 
fi after the test = 2.54 ohms 

(The difference in the magnitude of ri is due to the fact that the tests were made at 
different times and at different ambicmt temj)eratures.) 

Assume k 2 = 1.05; then from Kq. 32-3 

no 1.05 ^ ^ 

Xm = --•-= 35.5 ohms 

2.70 2 X (1.05)- - 1 


can be determined when tlie other parameters ar(‘ known. 

From Eq. 32-9 

~ J25_ = 9 44 ohms; Rl — —= 6.27 ohms; 
11.65 (11.65)“ 

Xl = -l(r27y* - 7.03 ohms 


From Eq. 32-12 


Xl = 2x./ 


7.03 ^ . 

-= 3.ol ohms 

2 


Checking (Eq. 32-2) 


x«/ = 1.75 ohms 


= 1+ = 1.0493 

35.5 


which value is very close tf> the assumed = 1.05. 
From Eq. 32-11 


6.27 - 2.54 


ro = 


X (1.05)* = 2.06 


The five parameters as determined from tlie no-load and locked-rotor tests are 
(in ohms) 

ri = 2.54 r./ = 2.06 

= 35.5 

Xl = 3.51 X2 == 1.75 

For the calculation of the performance of the motor th(i hot resistance.s of the windings 
at full-load should be used; if full-load data arc not available the resi.stanccs at 75®C 
must be used. For the motor considered, fi at full-load was 2.85 ohms, while in the 
locked-rotor test the resistance was 2.54 olims. It can be assumed that the resistance 
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of the rotor is increascMl by the load in the same ratio as the stator resistance. Thus at 
full-load ri = 2.06(2.85/2.54) = 2.31, and the .motor parameters for performance 
calculations are (in ohms) 

ri = 2.85 r/ = 2.31 

Xm == 35.5 

Xi = 3.51 X2' = 1.75 

Tn can now be determined. The no-load losses of the motor arc 63 watts. They consist 
of copper losses in both windinj^s, iron losses (due to the main flux -f rotational losses), 
and friction and windage losses. The latter losses are 3.0 watts. The resistance of the 
stator winding after the nr>-load test was 2.65 ohms, and thus the loss in the stator 
cop|>er is 

Pco.i = 2.65 X (2.7)2 = 19.3 watts 

From the locked-r(»ior test, ri = 2.54 and = 2 . 0 G, Since at no-load r\ = 2.65, it can 
\h' assumed that at no-load 

2 65 

r 2 - 2.06 -- - = 2.15 ohms 
2.54 

It has been explained previously (see Art. 32-1 and Fig. 31-6) that the rotor current 
at no-load is approximately equal to I oil 2 b ~ /o). Therefore the losses in the rotor 
winding at no-load are 

Peo.2 = 2.15 X (2.7)2 = 15.7 watts 
The total iron losses are then 

Pir = 63.0 — (3.0 -f 19.3 -f- 15.7) = 25.0 watts 

The rotational iron losses at no-load are relatively larger in the single-phase motor than 
in the poly|)hjise motor. As in the latter motor, the slot openings cause tooth-surfacc* 
and tooth-pulsiition losses in the single-phase motor (see Art. 34-la). However, contrary 
to the tM)lyphasc motor, the single-phasic motor has a large no-load current which does 
not differ very much from the full-load current. In consequence of this, the harmonics 
produce additional tooth-surface and tooth-pulsation losses (see Art. 34- lb) at noload. 
As hfis l)cen explained, all of these additional iron losses are caused by the rotation of 
the rotor and must be supplied by the rotor. It can be assumed that the losses due to the 
main flux are approximately Inilf of the total iron losses, i.e., Ph+e ~ 13 watts. This 
loss determines the magnitude of From Eqs. 32-5, 32-6, and 32T)a 

Ex = no ~ 2.70 X 3.51 = 100.6 


35.5 


2Ah 

\\"2 

Eqs. 32-7 and 32-8 yield 


7 


-f (1.75)2 


1,3 


(95.2)^ 


= 17.3 


- 0.0014 


E2f == 100.6 = 95.2 

18.3 


- 0.0014 X (35.5)2 = I 77 ohms 
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The six pararaetere for performance calculations are (in ohms) 
ri = 2.85 r^n = 1.77 == 2.31 

Xi — 3.ol Xfn ~ 3d.5 X 2 ~ 1./5 


Note .—In general the saturation of the leakage paths sliould l)e taken into account when 
evaluating the locked rotor test (see Art. 28 -5 and Ex. 28-1). The saturation of the leak¬ 
age i)aths has been neglected here. 

Example 32-2. The paranietei*s computed in Example 32-1 for a i-HP 6-pole split- 
phase motor will be used to determine the performance of the motor. 

(a) First the iron losses due to the main flux will be neglected, i.e., assume == 0, 
and the primary current, power factor, and torque will be determined for approximately 
normal slip. Since no simple formula is available for the normal slip of a single-phase 
motor, a value of slip will be assumed, the torque corresponding to this slip will be 
computed, and finally the real slip will be determined from the ratio of rated output to 
calculated output. The normal slip of the single-phase motor lies between 0.025 and 
0.05, the smaller value occurring in larger motors. 

The calculations below will be carried through for a slip of s ~ 0.038. Since the iron 
losses are neglected, the resultant impedance of the forward branch of the equivalent 
circuit is 


Z/ = 


35.5 + ,1.75 

ZJZo/ _V0.03g 


35.5/90 X 60.8 /1.65 2160/91.65 


60.8 -f i37.25 


71.4 /31.5 


) 

) 


= 30.3/(iO. 15 =15.1 +i26.2 


and the impedance of the backward branch 




m -f- Z2h 




35.5/90 X 2.11 /56.0 74.9 /146.9 

r.l78 + j37.25 3^/^ 


= 2.01 /.57.8 = 1.07 + jl.70 
Z« = Z, + Z/ + Zt = 19.0 + j31.4 = 36.8 /58.8 


110/0 

Ii = - 7 =- 

36.8 /58.8 


2.99 /-58.8 


cos 58.8° = 0.517 

IV = 7,Z/ = 2.99 X 30.3 = 90.6 volts 




314 


D-C AND A-r. MACHINES 


V 2 »' ^ I iZb = 2.99 X 2.01 = 6.01 volts 


, Vv 


Jib = 7 --, 

/j'lb 


(1.75) 

\\0.038/ 

Vsi' __0£1_ 

’ .P-Y 


= 1.49 amp 


— 2.85 amp 


From K(i.s. 31-3, 31-4, 31-5 the developed torque is 


T =- X 
1200 


■( 1 . 49)2 

0.038 


(2.S5)^2- 

1.91)2 ^ 


X 16 = 11.8 oz-ft 


Since part of this developed torcpie is necessary to supply tlie iron losses due to rotation 
and tiie friction and windage losses, the load tonjue is therefore less than the 11.8 oz-ft 
develop(Ml. 

(h) Tlie iron losses due to the main flux will now he taken into account and the 
resultant impedance determined as in part (a), Fig 31-5. 

Z|r» = Tni “i“ ~ 1./7 "F j35.5 


(1.77 -hi35.5) 


+Y.. 75 ) 

\0.Q38 ^ / 


35.5 /87.15 X 60.8 /1.65 2160 /88.8 

62.6-hj37.25 72.8 /30.8 

= 29.7 /58.0 = 15.7 -f i25.2 

35.5 87.15 -f jl.75^ 

_ --V1.962 ^ / 

2.31 

1.77 -f j35.5 -h -h jl.75 
1.962 

35.5 /S7.15 X 2.11 /56.0 74.0 /14.3.2 


2.95 -f J37.25 


37.3/85.46 


= 2.01 /57.7 = 1.07 -l-jl.70 

Z< = Zi 4- Z/ -f Zfr = 19.6 -h j30.4 
= 36.2 '57.2 


no 0 

Ii - — = 3.04 /-57.2 

36.2 , 57.2 '- 

cos 57.2° = 0.542 

Fo/ = /iZ/ = 3.04 X 29.7 = 90.2 volts 
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yy> IiZb = 3.04 X 2.01 = 6.11 volts 


7 / _ ^ 2/ _ 


00.2 


' Y 

\'\0.03S/ 


= 1.49 amp 


+ a.75)= 


hb 


fi.ll 


= 2.S9 amp 


-f (1.75)2 


The developed torque is 

^ 7.04 

T = - -. X 

1200 


V(ij 

j.3,r.U:™>’_P»>nxK,-11.67 0^^^ 

L 0.038 1.962 J 


The iron loss(?s due to rotation were assumed to be 12 watt*; tind the frietion and windage 
loss 3.0 watts, totaling 15 watts. The delivered torque for tlie .assumed slip of 0.038 is 
therefore 

Taa = 11.67 - ' ■” ’ X 15 X 16 = 10.26 oz-ft 
1200 


To determine the efTicieney at slip n = O.O.'JS 

/^co.i - (3.04)2 2.85 = 20.3 watts 

= (1.49)2 X 2.31 - 5.1 
Pco.b - (2.89)2 X 2.31 = 19.3 

P ir. total ~ 

Pf^w = " 

Total = IS.7 watts 
Input = 110 X 3.04 X 0.542 = 181.4 watts 
Output = 181.4 — 78.7 = 102.7 watts 

= 0.137 IIP 

102 7 

7] = —X 100 = 50.6% 

181.4 


Since the rated output is 0.160 HP, the normal slip is approximately 

-i-’ X 0.038 = 0.046 
0.137 

Therefore normal speed is approximately 

1200(1 - 0.046) = 1144 rprn 

It should be noted that no stray load lo.sses were included in the efficiency calcula¬ 
tion. This is justified by the fact that the no-load current ()f the single-phase motor is 
high and therefore stray load losses occur at no-load and are included with the 
rotational iron losses. 


PROBLEMS 

In all problems following take into account tlie iron losses due to the main flux and 
neglect saturation of leakage paths. 
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1 . Determine the running performance of the motor of Examples 32-1 and 32-2 at 
a slip of 0,045. 

2 . Calculate and i)lot for the motor of Examples 32-1 and 32-2 the primary current 
and power factor for slips of 0.30, 0.25, 0.20, 0.10, 0.075 and 0.046. 

3. Calculate and fjlot for the motor of Examples 32-1 and 32-2 the develojjed torque- 
speed charactfuistic fr)r slips of 0.30, 0.25, 0.20, 0.10, 0.075, and 0.046. 

4. Repeat Problem 3 for a 25% increase in , 

5. The nr>-ioafl test and locked-rotor test of a J-hp split-phase motor for 110 volts, 
60 cycles, 4 poles, and approximately 1725 rpm, show the following: 

No4oad Test Locked-rotor Test 

F, -no /o - 3.55 Po = 86.0 Fa =110 /a = 21.0 Pa = 1592 

ri = 1.58 ri = 1.55 

Friction and windage losses = 7.0 watts. Hot resistance at full-load: ri = 1.71. De¬ 
termine for this motor its six constants. Assume that half of the iron losses are due to 
the main flux 

6 . Determine for the motor of Problem 5 the running performance at a slip s = 0.043. 

7. For the motor of Problem 5 calculate and plot the primary current and power 
fa(‘tor for slips of 0.30, 0.25, 0.20, O.IO, 0.075 and 0.043. 

8 . Calculate and plot the developed torque-speed characteristic for the motor of 
Problem 5 at slips of 0.30, 0.25, 0 . 20 , 0 . 10 , 0.075 and 0.043. 

9. A J-hp sf)lit-phase motor designed for 110 volts, 60 cycles, 4 poles, and approxi¬ 
mately n = 1720 has the following constants: 


r, = 3.8, 


r«' = 2.325 

7o = 1.86 


— 52.9, 



= 4.2, 


z,' = 2.1 

Ti = 2.1 at no-load 


Friction and windage losses = 10 watts. Total iron losses = 19 watts of which 
half (!an be assumed as main flux losvscs. Determine the main flux resistance r„. 

10 . Determine the running performance for the motor of Problem 9 at a slip of 0.045. 

11 . Calculate and plot for the motor of Problem 9 the primary current and power 
factor for slips of 0.30, 0.25, 0,20, 0.10, 0.075 and 0.045. 

12 . Calculate and plot the developed torque-speed characteristic for the motor of 
I^roblem 9 at slips of 0.30, 0.25, 0.20, 0.10, 0.075, and 0.045. 

13. The no-load and locked-rotor tests of a J-hp split-phase motor for 110 volts, 
60 cycles, 4 poles, and approximately 1725 rpm, show the following: 

No-load Test Locked-rotor Test 

Fi = 110 /o - 2.75 Po = 59.5 Fa = 110 II = 14.6 Pa = 1123 

ri = 2.41 n = 2.21 

Friction and windage losses = 5.4 watts. Hot resistance at full-load: ri = 2.44. 
Determine for this motor its six constants. Assume that half of the iron losses arc due 
to the main flux. 

14. Determine the running performance of the motor in Problem 13 for a slip of 
0.045. 

15. Calculate and plot the |)i im.ary current and power factor of the motor in Problem 
13 for slips of 0.30, 0.25. 0.20, 0.10, 6.075 and 0.045. 

16. Calculate and plot the developed torque-speed characteristic for the motor of 
Problem 13 at slips of 0.30, 0.25, 0 . 20 , 0 . 10 , 0.075, and 0.015. 
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STARTING THE SINGLE-PHASE MOTOR 
TYPES OF SINGLE-PHASE MOTORS 


It has already been meiit ioned that the single-phase motor has no starting 
torque in contrast to tlie polypliase motor or the a-(‘ commutator motor. 
In order to start the single-phase mot or, either a rotating flax such as that 
in the polyphase motor has to be produced, or a commutator with brushes 



Fig. 33-1. CJonnection and current diagram of the Hplit-phasc motor (for starting). 


has to be included with tlie rotor. The split-phase motor (Fig. 33-1) 
and the repulsion-start motor (Fig. 33-5) are examples of these two 
methods of starting the single-phase motor. 


33-1. Starting by means of a rotating flux. In order to produce a rotating 
flux at standstill a second ivinding {starting or auxiliary winding) is neces¬ 
sary" in the stator in addition to the main winding. The axis of the starting 
winding has to be displaced in spexe with respect to the axis of tbp maip 
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winding, and the current in the starting winding has to be out of time 
phase with the current in the main winding. 

The main winding leaves one slot or several slots empty and several 
slots only partly filled (see Fig. 21-12). The starting winding is placed 
in these empty and partly filled slots so that the axes of both \vindings 
are displaced by 90 electrical degrees. 

A number of different methods are employed to achieve the time phase 
shift bet ween t he currents in the main and starting windings. 

(a) Split-phase motor. The connection diagram for tliis type of motor 
is shown in Fig. 33-1. ilf is the main winding, S is the starting winding, 
Sw is a centrifugal switcli. The main winding lias a relatively low resist¬ 
ance and liigli reactance, while tlie starting winding lias a high resistance 
and low reactance. This results in an angle a of al)out 30^" between the 
(•urrents in the two windings (Fig. 33-lb) and in a small rotating flux 
superimposed on the alternating flux. The starting torque is therefore 
limited. The starting winding cannot remain in the circuit continuously, 
or overheating and noise will occur. Usually a centrifugal switch on the 
rotor (see Fig. 31-1) automatically disconnects the starting winding 
at about 70% of the synchronous speed. 

It can be shown that the starting torcpie is, in general, 


r 



A shivs 
A MkwM 


ImIs 5>in a oz-ft 


(33-1) 


where (lie subscripts and S refer to the main and starting windings 
respectively. A h a/ and kws are the winding factors of botli windings (see 
Art. 22-1). r/ and jo' are lioth referred to the main winding, and a is 
the angle between the currents 7,^ and Is- 

The magnitude of the current drawn from the line (I,v + Is) is 
limited and fixed by the NKMA standards. Hence higher starting torques 
can be a(*hieved mainly by increasing the angle a between Im and Is- 

(b) licsistancc-start split-phase iiuAor. An increase of the angle a and 
of the starting torcpie can lie achieved by inserting a resistance in series 
with the starting winding. This resistance must be cut out together with 
the starting winding at about 70% of the synchronous speed. 

(c) Reactor-start split-phase motor. Inserting of a reactor in series with 
the main winding lias the same effect as the insertion of a resistance in 
series with the starting winding. This reactor must be short-circuited, or 
otherwise made ineffective, when the starting winding circuit is opened 
by the centrifugal switch. 

(d) Capacitor-start motor, A very considerable increase of the angle 
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a between Im and 1$ can be achieved 'when a capacitor is placed in series 
with the starting winding (Fig. 33-2). The capacitor causes the current 
in tlie starting winding to lead tlie terminal voltage (Fig. 33-2b) and, 
with an appropriate capacitor, the angle « may approach 90°. 

Capacitor-start motors are built from to 10 HP. For a line voltage 
of 110 volts the size of the capacitor is 70~Q0nf for J-HP motors, 120-150Mf 
for the j-HP motor, 230-2S0;jf for the motor, and 340-410#if for 



Fig. 33-2. Oiniiection and current diagram of the capacitor-start motor. 


tlie 1-HP motor. Tlie starting torques, which depend on the size of the 
capacitor, are about 350 to 400% of rated torque at ii = 3450 rpm, 400 
to 475% at n = 1725 rpm, and 285 to 390% at n = 1140 rpm. 

The capacitor used for starting purposes is the relatively inexpensive 
electroljTic capacitor which is fit for intermittent duty only. As in the 
split-phase motor the starting winding of the capacitor motor is opened by 
a centrifugal switch at about 70% of the synchronous speed. 

(e) Permanent-split capacitor motor. In this type of motor the starting 
winding and the capacitor are designed for permanent operation, giving an 
unl)alanced 2-phase motor. For satisfactory running performance only 
a small capacitance is neces.sary. For example, for 110 volts the capacitor 
of a i^-HP motor is Spf, of a i-HP motor Spf, of a j-lIP motor Spf, of 
a ^-HP motor 15/if. This is much less than the capacitance necessary 
for high starting torque (see ^'Capacitor-start motor'^). However, the 
permanent-split capacitor motor uses the same capacitor for starting 
and running and, therefore, has a small starting torque of about 35 to 
50% of the rated torque. 

Since the electrolytic capacitor cannot be used for continuous operation, 
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the more expensive oil or pyranol-insulated foil-paper capacitor must be 
used for this t>7>e of motor. 

(f) Two-value capaciior motor. In order that the 2-phase motor described 
under (e) be able to dev(*lop a high starting torque and at the same time 

have a satisfactory running perform¬ 
ance, it is necessary to use different 
values of capacitance for starting and 
running. This can be accomplished 
either by using two capacitors, an elec¬ 
trolytic capacitor for starting and an oil 
capacitor for running, or by using a 
single oil capacitor in connection with 
an auto transformer. 

The arrangement witli two separate 
capacitors is shown in Fig. 33-3. A is 
an oil capacitor; H is an electrolytic 
capacitor. A centrifugal switch {Sw) on 
the rotor shaft or a relay disconnects 
the electrolytic capacitor after starting 
is actcornplislied. 

The arrang(*ment witli one capa(*itor and an autotransformer is shown 
in Fig. 33-4. The (capacitor is (‘onnected across the terminals of the auto- 



Fia. 33-4. Connection diagram of the 2-value capacitor motor with transformer. 

transformer which has a mid-tap used for starting. When starting, the volt¬ 
age across the capacitor is twice as large as when running, thus giving an 
effective capacitance at start wliich is four times the rimning capacitance. 



Fici. 33-3. ConiKJCtion diagram of the 
2-value capacitor motor witli two 
caiiacitora. 
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The permanent-split capacitor motor and the 2-value capacitor motor 
both operate as imbalanced 2-phase motors and offer advantages in 
comparison with the split-phase motor and capacitor-start motor, whicli 
are pure single-phase motors. The latter motors produce a pulsating 
torque resulting in vibration and noise under certain conditions. The 
former motors develop a more uniform torque and are, therefore, quieter 
than the pure single-phase motors. 



Eifi. 33 5. ConiKM*- 
lion (iiiigrarn of tlie 
repulnion motor. 


33~2, Starting by means of a commutator and brushes. This method of 
starting a single-phase induction motor is based upon the properties of 
the repulsion motor which is a single-phase a-c commutator motor. Its 
connection diagram is shown in Fig. 33-5. The stator 
lias a single-phase winding similar to that of the single¬ 
phase induction motor, and the rotor has a d-c arma- 
ture winding with commutator and brushes. The 
brushes are short-circuited. It will be shown in Art. 

48-3 that this motor has series-motor characteristics 
and is, therefore, able to develop a liigh starting 
torque. 

Reversal of the repulsion motor can be achieved 
either shifting the brushes (see Art. 48-3), 
or by arranging two identical single-phase windings 
in the stator, one for each direction of rotation. 

Two types of single-phase motors employing the repulsion motor 
properties for starting are available: the repulsion-start induction motor 
and the repulsion induction motor. 

(a) Repulsion-start induction motor. This motor is built exactly as the 
repulsion motor. lIowe^^er, when the rotor has reached about f of the 
synchronous speed, a centrifugal mechanism short-circuits the com¬ 
mutator segments so that the armature acts as a squirrel-cage winding 
in a single-phase stator. A view of such a motor, disassembled, is shown 
in Fig. 33-6. The centrifugal mechanism is sometimes designed to lift 
the brushes from the commutator at the same time that a liracelet short- 
circuits the commutator segments. The repulsion-start induction motor 
starts as a repulsion motor but operates as an induction motor with an 
approximately constant-speed characteristic. 

(b) Repulsion-induction motor. The stator is the same as that of the 
repulsion (single-phase) motor. In addition to the d-c armature winding 
with commutator and brushes a squirrel-cage winding is also included 
in the rotor. No centrifugal mechanism is used to short-circuit the d-c 
armature winding so that both rotor windings always operate in parallel. 
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Depending upon the design of the windings, the motor may have either 
an approximately constant speed characteristic, as the induction motor, 
or a varying speed characteristic, as the repulsion (series) motor. 




Fi(i. 33-6. l)i8aas(?niI)Uid small repulsion-start single-phase motor. 


33-3. The shaded-pole motor. For a very small output and a small 
starting torque the construction shown in Fig. 33-7 is used. The main 

winding, not shown in the figure, is 
a concentrat ed single-phase winding 
placed on salient poles. Around a 
portion of each pole a copper strap 
(called shading coil) is placed, thus 
forming a short circuit. The rotor is 
of the squirrel-cage type. 

The main winding produces an al¬ 
ternating flux. However, the flux will 
not be in time-phase over the whole 
pole area: within the part of the pole 
lying inside tlie shading coil the flux 
will be delayed with respect to the 
flux in the part of the pole lying out¬ 
side the shading coil. This is due to 
Fig. 33-7. Shadcd-pole motor. the induced current in the shading 

coil which delays the change of flux 
interlinkage within this coil. This means that the flux is a maximum in 
the shaded portion of the pole later than in the unshaded portion, which 
is identical with a progressive shift of the flux in the direction of the 
unshaded pole-portion to the shaded pole-portion. The effect of this 
progressive shift of the flux is the same as that of a weak rotating flux. > 
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LOSSES IN INDUCTION MOTORS 
HEATING AND COOLING 


34~1. Losses in induction motors. As in d-c machines (see Chapter 10) 
the losses are produced liy the flux as well as by the currents in the stator 
and rotor. 

(a) JjOsscs due to the rruiin flux. Hysteresis and eddy-current losses due 
to the main flux appear in both the stator and rotor, because both an* 
subject to magnetization in alternate directions (see Art. 10-1). However, 
the frequency of magnetization is constant for the stator, namely, equal 
to the line frequency/i, and variable for the rotor, since it is the relative 
speed between tlie rotating flux of the machine and tlie rotor wliich de¬ 
termines the frequency of magnetization of the rotor. In the rotor the 
frecpiency is /2 = ^J\. At rated speed 6* is small and there are practically 
no hysteresis or eddy-current losses due to t he main flux in the rotor. 

As in d-c machines the iron losses due to the main flux are larger than 
those obtained from Kq. 10-5, or from the iron loss curves (given at 
end of text), due to tlie non-sinusoidal flux distribution (non-sinusoidal 
B curve), non-uniform distribution of the flux over the cross-section of 
the armature core, punching of the laminations, and the filing of the 
laminations in order to remove the burrs. The incr(*asc of the iron losses 
due to these factors may lie as liigh as 30 to 40%. 

Consider Fig. 10-1. It has been pointed out that the dot openmgs 
produce a ripple superimposed on the average flux density which causes 
high-frequency iron losses. In induction motors lioth the rotor and stator 
are slotted. Therefore, the stator slot openings produce surface losses in 
the rotor and the rotor slot openings produce surface losses in the stator. 
Medium-sized and larger induction motors have open slots in the stator 
and semi-open slots in the rotor; smaller induction motors have semi¬ 
open slots in both parts. Tlie surface losses are larger in machines with 
open stator slots. 
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Due to the fact that both the rotor and stator have slots, another kind 
of loss appears in the induction motor: the flux pulsation due to the slot 
openings penetrates the teeth themselves and produces eddy currents as 
well as hysteresis losses in the tc^eth. The frequency of tliese pulsations is 
the same as that of the tooth surface losses, i.e., for the stator Q 2^?/60 
and for the rotor Qin/GO. The magnitude of the variation of the flux 
density in the teeth depends upon the saturation in the teeth. The total 
losses due to the slot openings are larger in induction motors than in d-c 
machines (and synchronous machines). These losses, as a percentage of 
the iron losses due to tlie main flux, (Eq. 10-5), are approximately: 80 
to 120 % in s(piirrel-cage motors with semi-open slots in stator and rotor, 
150 to 200% in stpiirrel-cage motors with open slots in stator and semi¬ 
open slots in rotor, and 180 to 220 % in wound rotor motors. 

The flux ripple produced by the slot openings induces parasitic currents 
not only in the iron but also in the l)ars of a s(iuirrel-(;age rotor. The 
currents induced in these bars may I)ecome considerable and the copper 
losses in the bars high, if the slot pitch of the cage is much different from 
the stator slot pitch. A difference up to 30% between the slot pit (*hes keeps 
the losses at a low level. Equal slot pitches cannot be used because this 
would produce loc^king tonpies which may prevent starting of t he motor. 

(b) Losses due to the load currents. The load currents produce Ph* 
losses in th(‘ stator and rotor windings. Furtliermore, the cross-flux in the 
slot may produ(*e additional copper losses through skin-eflfeci (see Arl. 
10 - 1 ) which forces the current to flow in the top part of the conductor, 
thus decreasing the effective area of the conductor and increasing its 
resistance wliich results in an increavse of the copper lessees. The skin-effect 
is proportional to the sejuare root of the fiequency. It is negligil)le at 
rated load in the rotor since the freciuency of the rotor currents at rated 
load is very small. Although the stator frequency is alwa^-s equal to the 
line frequency, i.e., usually GO cycles, the skin-effect loss in the stator is 
usually small (in medium-sized and larger motors about 5 to 15% of 
the stator PR losses). 

It has been shown in Art. 22-2 that the mmf of a distributed ^^'inding 
consists of a main wave and harmonics, ^^dlile the main wave produces 
the main flux, the harmonics produce parasitic fluxes which travel with 
different sp)eeds than the main flux and some in an opposite direction to 
the main flux. The amplitudes of these rotating fluxes are proportional 
to the current in the winding and inversely proportional to the length of 
air-gap. Since the induction motor has a smaller air-gap tlian tlie other a-c 
machines, in order to keep down its magnetizing current, the harmonic 
fluxes are stronger in it than in the other a-c machines with larger air-gaps. 
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At no-load the stator current of the induction mc^or is small and, there¬ 
fore, the stator mmf and the harmonic fluxes are also small. At full-load 
the harmonic fluxes may become considerable, depending upon the design 
of the winding (see Art. 22-2). Since the stator harmonic fluxes travel 
with respect to the rotor, they produce rotor surface losses and tooth- 
pulsation losses in the same way as the slot opening ripple produces 
losses (Fig. 10-1). The same consideration also applies to the rotor: at 
load the rotor currents produce harmonic fluxes which travel with respect 
to the stator and cause stator tooth-surface and tooth-pulsation losses. 
These losses are mainly eddj'-current los.scs. 

In well-designed induction motors the losses due to the harmonic fluxes 
of stator and rotor mmf are 0.6 to 3.0% of the motor output. The larger 
value applies to small motors; the lower value, to large motors. A motor 
of 1000-HP output has about 1% harmonic losses. In poorly designed 
induction motors the harmonic losses may be 4 to 5 times as high as the 
values given above. 

.lust as the flux ripple due to the slot openings induces currents in the 
liars of the squirrel-cage rotor, the flux harmonics of the stator induce 
currents in the squirrel-cage bars. In well-designed induction motors the.se 
current los.ses usually are small, about 0.03 to 0.05% of the output. 

In large machines the leakage fluxes around the end-windings of the 
stator, due to tlie load current, are considerable and, since they move with 
respect to the stator, they induce edd^' currents in metallic parts, such 
as the end plates, finger plates, bolts, etc. These losses can be neglected 
in small machines. 

(c) Friction and windage losses. The friction and windage losses in the 
induction motor are the same as in the d-c machine (see Art. 10-1). 

(d) No-load and load losses; stray-load losses. The lo.sses which appear 
at no-load and those which appear at load are shown in Table 34-1. 


TABLE 


No-load 

losses 

Iron losses in 
the stator due 
to the main flux. 

Surface and tooth 
pulsation losses in 
stator ancl rotor 
due to slot open¬ 
ings. 

Copper losses in 
the squirrel cage 
due to the slot 
openings. 

Windage and 
bearing friction 
losses. 

Ixiftd 

PR losses in the 

Surface and tooth 

Skin effect losses 

Losses in the 

Josses 

stator and rotor 

pulsation los.ses in 

in the stator 

structural parts 


windings. 

stator and rotor 

winding. 

due to leakage 



due to harmonic 


fluxes. 



fluxes. 
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Iio. 34-1. (/Utfiway view of a splash proof ball-bearing, squirrel-cage motor. 

1. I']n(l turn of stator coil 7. Prehibricated ball bearing 

2 . liocking bar 8. \'(‘ntilation openings 

3. Stat-or core 9. (’onduit box 

4. Itotor 10. Krid plates 

5. Halancing lug 11. End brackets 

0 . Kotor blades 12. Bearing hub 

13. Fan 
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The additional losses due to the load (these are items 2, 3, and 4 of the 
second row) are called stray load-losscsy as in the d-c machine. 

(e) Examples of loss distribution and effiricnries. In t he followinjr tabula¬ 
tion is shown the loss distrilnition of three induction motors, one of which 
is single-phase and the other two polyphase. 

i HP, 4 p(»los. sinjilo phase, 

GO cycles, 110 volts, // - 1720 rpiii 


Stator winding PR . 25 watts 

Rotor winding PR . 20 

Total iron loss (including stray load loss). 20 

Bearing friction and windagt^ loss 10 

75 watts (Total) 

Output I III’ - 124.5 watts 


Efliciencv — 100 - ^ ’ == G2.‘e\' 

124.5 + 75 

3 HP, 4 poles, GO cycles, 250 III’, <S poles, GO cyclt‘S, 

3 phase, 220/440 volts, 1745 rpin 3 pliase, 2300 volts, .SS3 rpm 


Stator winding.... 

Rotor w’inding. 

Stray load loss. 

Iron loss. 

Bearing friction and 
windage loss. 


Aluminum cast 
siiuirrcl-cagc Rotor 
140 watts 
HO 
50 

. 120 

50 _ 

440 watts (Total) 


S(fuirr(l-('agc 

Rotor 

4300 wat ts 
3G00 
1000 
2700 

^)0 _ 

14,500 watts (Total) 


Output = 74G X 3 = 223S watts Outi)ut = 74G X 250 1SG.5 kw 

223S . . 1SG.5 

Efliciencv = 100-- - Efhcicaicy = lOO-—-------- - -- =. 02.S% 

223S-h 440 lsG.;)-fl4.5 


34-2. Keating and cooling of induction motors. The disciussion of Art. 
10-2 with respect to the iu.suhition, limiting temperatures, heat con¬ 
ductivity, heat transfer and cooling of the d-c machine also applies to the 
indnction motor. Sufficient cooling must be provided in order to dissipate 
the heat due to the losses. Fig. 34-1 shows a cutaway section of an open 
splash-proof squirrel-cage motor. Fig. 34-2 shows the air flow in a totally 
enclosed fan-cooled squirrel-cage motor. Note the internal and external 
ventilation separated from each other and flowing in opposite directions. 
A cutaway section of a totally enclosed fan-cooled squirrel-cage motor is 
shown in Fig. 23-12. 
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PROBLEMS 

1. A 7.5-HP, 230-volt, 4-p()le, 3-phiisc, 25-cyclc, squirrel-cage induction motor was 
loaded by means of a Prony brake anti the following data were recorded for three 
different loads. Power was measured l)y the 2-wattmeter method. 


(1) (2) (3) 

Voltage. 230 230 230 

Line current. 25.1 14.4 9.55 

Watts IV,. 5500 2950 1550 

Watts IVj . 2920 1120 -490 

Scale reading (lb). 36.8 17.3 4.0 

Speed (rp in). 682 710 733 


A brake arm 24 in. long was used, and the tare reading on the scale was 1.61 lb. Deter¬ 
mine the [K^rforniance for each point including HP output, slip, torque, power factor, 
and efficiency. 

2. A 5-IIP, 230-volt, 4-polc, 60-cyclc, 3-phase, squirrel-cage induction motor is 
delivering rated output. The iron loss is 150 w'atts of which 65 watts are due to the main 
flux; stator copper loss, 125 watts; rotor copper losses, 130 watts; friction and windage 
losses, 90 watts; stray load losses, 95 watts. Determine: (a) power transferred by rotat¬ 
ing field; (b) mechanical power in watts developed by rotor; (c) power input in watts; 
(d) efficiency; (e) slip; (f) torque in pound-feet. 

3 . Rei>eHt Problem 2 for a 6-11P output assuming the following: stator copper loss, 
rotor copjx^r loss and the stray load loss vary as the square of the output, and the core 
and friction and windage loss remain constant. 

4 . A 100-HP, 3-phase, 4-pole, 440-volt, 60-cycle, squirrel-cage induction motor is 
operating at full-load at a slip s == 0.02. The full-load stator current is 130 amp and the 
stator hot resistance is 0.032 ohm ])er phase. The no-load current is 1135 amp and the 
no-load power input 4580 watts. Forty percent of the total iron losses can be assumed 
to be the iron losses due to the main flux. The friction and windage losses are 1.7% of 
the output and the stray load loss 1.5% of the output. Determine the full-load efficiency 
and t)ower factor. 

5 . The motor of Problem 4 takes 92 amp when delivering f rated output and 150 
amp when delivering f rated output. The iron losses due to the main flux can be as¬ 
sumed the same as at full-load. Also, the friction and windage losses remain unchanged. 
The stray load losses vary as the square of the primary current, and the slip is pro- 
p<3rtional to the output. Determine the efficiency and power factor at f and ! load. 
Combine with Problem 4 and draw' curves of efficiency and f>ow'er factor vs. load. 

6. A 2300-volt, 3-phase, 8-pole, 60-cycle, squirrel-cage induction motor takes a 
jK)wer input of 361 kw^ when delivering rated output. The rated line current is 103 
amp and the speed 879 rpm. At rated output, friction and w'indage losses are 4.40 kw% 
stray load losses 3.30 kw, and the iron losses are 5.0 kw of which 2.2 kw are due t6 the 
main flux. The stator resistance at 75®C is 0.158 ohm per phase. Determine the output, 
efficiency and power factor at full-load. 

7 . Determine the output, efficiency and power factor of the motor in Problem 6 for 
power inputs of 275 and 450 kw. The respective line currents are 80 and 129.5 amp. 
The stray load losses are proportional to the square of the powder input; the iron losses, 
iron losses due to main flux, and friction and windage losses are the same as for full¬ 
load in Problem 6. Assume slip proportional to power input. Combine with Problem 6 
and draw curves of efficiency and power factoi vs. output. 









Chapter 35 


MECHANICAL ELEMENTS OF THE SYNCHRONOUS 

MACHINE 


\i^ in the d-c* machine the flux of the sjmchronou® machine is produceii 
In a direct current. However, quite difTerent fiom the d-c machine, the 
pole structure of the s>nchronous machine is the inner part of the machine 
which rotates, while the armature is the outer part and is stationary. 
As in the induction motor, the stationary part is called the stator and the 





Fib. 35-1 SalK*nt-pi le rotor of a 10-pole eynchronous machine (field coiIb not shown) 

rotating part the rotor. Thus, of the three main kinds of electric ma¬ 
chines—namely the d-c machine, induction motor, and synchronous 
machine—in the d-c machine and the synchronous machine the flux is 
produced by a direct current, while in the induction motor the flux is 
produced by an alternating current. 

It will be explained in the following that the synchronous machine is 
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a special case of the induction motor. On the other hand, the d-c machine 
is nothing more than a synchronous machine with an added special device, 
the commutator. 

A distinction must be made between synchronous machines having 
six or more poles and those having two and four poles. The rotors of the 
former are of the salient-pole type {salient-pole rotors), as in the d-c 



Fia. 35~2. Cylindrical rotor of a 2-pole synchronous machine. 

machine. Fig. 3')-l sliows a sjilient-pole rotor, without the field coils, for 
a 10-pole synchronous machine. Two-pole and 4-pole GO-cycle machines 
rotate at 3(100 and ISOO rpm respectively. When used as generators, they 
are driven by' steam turbines. The rotors are subject to high mechanical 
st resses and for this reason are built of high-grade steel in a cylindrical 
shape {cylindrical rotors). Fig. 35-2 shows a cylindrical rotor (without 
winding) of a 2-pole sy'nchronous machine. The d-c field winding is placed 
in slots and held in place by heavy metal wedges. The two large teeth 
correspMjnd to the salient poles of the salient-pole rotor. It should be 
mentioned that small 4-pole machines are built with salient poles. 

While the field winding of the salient-pole machine consists of con- 
(‘ntrated coils as in the d-c machine, the field winding of the cylindrical 
rotor machine is distributed similar to a single-phase winding (see Fig. 
21-9). 

35-1. The salient-pole machine. Fig. 35-3 shows the main flux paths of 
a 4-pole salient-pole machine. The general shape and construction of the 
stator is very similar to t hat of the induction motor. The core is laminated 
just as in the induction motor and the d-c machine, and for the same 
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reason. Fig. 35-4 shows a partially wound stator of a larger salient-pole 
machine, and Fig. 35-5 shows a complete stator. 



Fig. 35-3. Main flux paths of a 4-pole, salient-poUj synchronou.s machine. 



Fig. 35-4. Partially wound stator of a large synchronous machine with salient poles. 

Fig. 35-6 shows a punching of a salient-pole machine, with slots for a 
squirrel-cage winding which is called a dumper or an amoriisscur winding. 





i 
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Fig. 36-5. Complete utator of a 3-phaae, salient- Fio 36-6 Pole punching of a salient- 

jKile BMichronous motor, 1000 HP, 2200 voltM, r>^)le machine with slots for the damf)ei 

514 rpm nvinding 



Fio. 36-7. Salient polo in three stages of assembly. 




damper winding. 
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This winding is necessary in all s^’nchronous motors for starting purposes 
(see Art. 40-4) and is often used in synchronous generators to damp 
out oscillations which may occur during parallel operation (see Art. 42-4). 

Fig. 35-7 sho\v.s a salient pole in three stages of assembly: the bare 
pole, the insulated pole, and the complete pole. Fig. 35-8 shows details 



Fio. 35-10. Complete eynchronous machine coupled with exciter. 


of a damper winding: the bars of each pole are connected to segments 
which (in all motors) arc bolted together making a complete ring connec¬ 
tion around the rotor. Fig. 35-9 shows a complete salient-pole rotor of a 
4-pole generator. Fig. 35-10 shows a complete synchronous machine 
coupled with its exciter. 

35-2. The cylindrical rotor machine. Fig. 35-11 show's a punched stator 
segment of a 2-pole machine with a cylindrical rotor. Fig. 35-12 shows a 
stator core assembly of a cylindrical rotor machine without winding. 
Fig. 35-13 shows the complete stator of a 3-phase cylindrical rotor 
generator, rated at 80,000 kw, 1800 rpm, 22,000 volts. 

A complete 2-pole rotor, without winding, was shown in Fig. 35-2. 
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In this figure the bottom part of each slot does not contain conductors 
but is used for ventilation purposes. The grooves at the top of each slot 
arc' designed to hold the wedges. 



«:- -I 

Fio, 35 11. Punchod Ftator segment of a 2-pole mat^hine with cylindrical rotor. 



Fig. 35 12. Stator core assembly without winding, for a cylindrical rotor machine. 

Fig. 35-14 demonstrates the process of assembling the rotor winding, 
hig. 35-15 shows a rotor with the winding and wedges assembled. Fig. 
35-16 shows part of a complete rotor: to the left, the end-winding re¬ 
taining ring; in the center, the ventilation fan; to the right, the slip rings 
through which the d-c exciting current is introduced. 
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Fig. 35-13. Complete stator of a 3-pha.sc cylindrical rotor generator, 80,(XX) kw, 85 

22,(XX) Volta, 1800 rprn. 
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Fia. 35-16. Cylindrical rotor complete with winding and slot-wedges. 



Fio. 35-16. Part of a cylindrical rotor for a 12,500-kva machine showing the end winding 
retoimng nng, ventilating fan, and slip rings. 




MECHANICAL ELEMENTS OF THE SYNCHRONOUS MACHINE 337 


Fig. 35-17 shows a 2-pole cylindrical rotor generator with its turbine 
and exciter. The rating of tliis unit is 31,250 kva at 14,440 volts, 0.80 
power factor, 60 cycles. 



Fio. 35-17. Three-phase rylindrical nttor Ronerator, 31,250-kva, 14,140 volts, 80% p.f., 
30(X) rpin, wit h turhiiie and cx(*it(»r. 

No distinction lias Ijeeii made in the foregoing between (he synchronous 
generator and synchronous motor because the synchronous machine is 
able to operate both as a generator and as a motor, just as the d-c machine. 
The cylindrical rotor machine is chiefly used as a generator while most 
synchronous motors are of tlie salient-pole type. 




Chapter 36 


EQUIVALENT CIRCUIT OF THE SYNCHRONOUS 

MACHINE 


36-1. General considerations. The stator as well as the rotor of the 
syiiehroiious machine is connected to a source of power. Therefore, as for 
the doul)ly fed induction motor (see Art. 29-3d), a uniform torque can¬ 
not be developed at any rotor speed, because the stator and rotor mmf’s 
arc not at standstill with respect to each other at all rotor speeds. In 

general, the doubly fed machine has two speeds 
at which the torque is uniform. These speeds 
are given by E(|. 29~1: 

120(/, ^ A,) 



n = 


P 


(36-1) 


Fk;. 3rv 1. Torquo-spcMHl rhjir- 
acteristic t)f the ByiK’iiroiioua 
niaciiiiic and iiulu('lu)n iiuv- 
(•him*. 


Since the rotor is connect ed to a d-c source of 
power in the case of the synchronous machine, 
A = 0, and there is only a mnglc speed at which 
a uniform torque exists, namely, 

120A 
P 


n, = “ 


(3G-2) 


This is the synchronous speed of the machine. 
The synchronous machine is bound to its synchronous speed. Its torciue- 
speed characteristic is a vertical line, as shown in Fig. 36-1. For com¬ 
parison, the torque-speed characteristic of the induction machine is also 
shown in this figure. 

When a synchronous generator is operating as a single unit, it is 
necessary for the rotor speed to remain co7ista?it and independent of the 
torque in order that the frequency remain constant. 

The synchronous machine represents a special case of the doubly fed 
induction macliine and is therefore a special case of the transformer. 
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However, it has the eharaeter of a current transiormcr^ while tlie induction 
machine has the character of a voltage transformer. The voltaj 2 :e trans¬ 
former operates with a constant primary voltage and therefore with 
almost a constant flux from no-load to full-load, sin(*e its voltage drop 
is small. The current transformer when operatcnl with a constant primary 
current has a large flux \ ariation between no-load and full-load: at no- 
load its flux is fixed by tlie mrnf of the primary current alone: at load its 
flux is determined l)y the resultant of tlie primary and secondary mrnf’s. 
The primary current of the synchronous ma(*hine is the dina-t current of 
the field winding; the secondary current is the armature current. 



Fig. 30 2. No-loJid and ehort-cirruit characteriKtic of a Hynchronous iiwudiine. 

Since there is no direct proportionality Indween rumf and flux in iron, 
the magnetization curve of the material has to be used for a study of the 
current transformer. Tlie same reasoning applies to the synchronous 
machine, i.e., the saturation curve {no-load characteristic) of the magnetic 
circuit of the synchronous machine has to be used for the study of its 
behavior and performance. This is the same as in the d-c machine, 
especially the d-c series machine, which also operates witli a variable flux. 
Tlie no-load characteristic is indispensable for a study of the d-c machine 
l)ut was not mentioned in the foregoing study of tfie induction motor. 
It was not necessarx' in the case of the induction motor because this 
machine behaves as a voltage transformer and operates with almost^a 
constant flux between no-load and full-load, i.e., it operates at a single 
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point of the no-load characteristic and the entire curve is therefore 
unnecessary. 

Curve Olh in Fig. 36-2 is a no-load characteristic: as for the d-c ma¬ 
chine, the field ampere-turns (field mmf, M/) or the field current 7/ 
is shown on the axis of abscissae and the pole-flux "I* or the armature 
(stator) emf E is shown on the axis of ordinates. At low values of 4> 
the no-load characteri.stic is a straight line because the mmf required 
for the iron parts of the magnetic path (see Art. 4-2) is negligible in 
comparison with the mmf required to maintain the flux 4> in the air-gap 
between the rotor and stator. The straight line Oa which coincides wdth 
the lower part of the no-load characteristic is called the air-gap line 
(see Art. 4-2). The field mmf necessary to induce a certain emf OA in 
the stator winding is equal to Ab. The part A a of this mmf is necessary 
to drive the flux, which corresponds to E = OA, through the air-gap, 
and the part ab is necessary to drive the flux through the iron parts of 
the magnetic path. 

36-2. Equivalent circuit of the synchronous machine. The rotor of the 
synchronous machine runs at the speed given by Eq. 36-2, i.e., if the rotor 
has p poles and the stator current has a frequency /i, the rotor speed is 
Ur — 120/i/p. The stator winding must be wound for the same number of 
poles as that of the rotor. The speed of the stator mmf with respect to 
the stator is given by Eq. 24-4, w'hich is identical with Eq. 36-2, i.e., 
stator and rotor mmf’s are at standstill with respect to each other. This 
is to be expected since Eq. 36-2 has been derived for the condition of a 
uniform torque. 

Thus the main flux of the machine, which is produced by the stator 
and rotor mmf’s, travels at synchronous speed n, with respect to the 
stator and zero speed with respect to the rotor, i.e., the main flux induces 
emf’s in the stator winding but none whatever in the rotor windings (field 
winding and damper winding). The rotor windings appear open with 
respect to the main flux and therefore the equivalent circuit of the syn¬ 
chronous machine is given by Fig. 36-3. The same result can be obtained 
from the equiv'alent circuit of the induction motor. Fig. 25-4, since fo.' 
the synchronous machine s = 0. 

In Fig. 36-3, Va is the armature resistance, Xi the leakage reactance of 
the armature, and Xad the main flux reactance. The corresponding sym¬ 
bols for the induction machine are ri, Xi, and x^. The reason for using 
the symbol Xad instead of j,„ will become clear from the discussion which 
follows (see .\rt. 38-1). 

The equivalent circuit Fig. 36-3 of the synchronous machine is simple. 
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hut difficulties arise with its use because of the main flux reactance 
It has l)een prewiously explained (hat the synchronous machine, as a 
current transformer, operates wit h a variable 
main flux between no-load and full-load; this 
means that tlie permealality of the main flux 
path is a xariable (juaiitity and therefore 
Xad = ojLfid a variable quantity (see Art. 

12-2). Hence the equi\'alent circuit of Fij^:. 

3G“3 will yield correct results only for the 
unsaturated ma(*hine operating on the air- 
gap line, where the permeal)ility is constant; 
otherwise tlie \'ahie of must be (*luinged 
with changing load. It is different with the 
induction motor wliicli operates on the rnliagc 
iransformcr principle; tlie flux of the induction motor changes little be¬ 
tween no-load and full-load and thca-efon^ its can l)e treated as a (*on- 
stanl, especially for medium-sized and larger-sized motors (see Art. 25~2). 

Since the current flowing in the reactam^e Xud (Fig. 3()-3) is the 
armature current /«, tlie (luantity —jIaXad is the emf induced in the arma¬ 
ture winding by the flux produced by the armature winding alone. This 
means tliat the e(|ui\alent ciicuit of Fig. 3(1-3 assumes that two separate 
fluxes exist in th(‘ main jiath of tlie macliine, one produced by the field 
winding, and the otlier [iroduced by the armature winding. This again 
indicates that tlie e(iui\’al(*nt circuit of lug. 36-3 is applicable only for the 
unsaturat(Ml macliine, IxM-aiise only in this ma(*hine is it permissible to 
calculate witli separate flux('s. In a saturated macliine only one flux is 
to be coMsidei’cd, namely, tliat produced by the resultant mmf of tlie 
machine. 

Thus it is observed that the equivalent circuit, of Fig. 3G--3 has a 
limited application. Furthermore, it applies only to the machine with a 
cylindrical rotor. It cannot lie applied to a salient-pole machine: this is 
due to the fact that this machine, with salient poles followed by inter- 
polar spaces, has a varialile reluctance around the stator bore. As a 
consequence of this variable reluctance an entirely different method of 
treatment must be applied to the salient-pole synchronous machine. 

The axis going through the center of the pole is called the direct axis, 
and the axis going through the center of the interpolar space is called the 
quadrature axis. These two axes are very important in the treatment of 
the salient-pole machine. In the cylindrical rotor machine only the direct 
axis through the center of the pole is to be considered. The subscript 
d in Xad indicates the direct axis: Xad the reactance of the main flux 
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Fkj. 3() 3. I'.tjuiv.'ilciit rirfiiit of 
the .sviichmiioiiH iiui- hine. 
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which has an axis of symmetry coinciding with the center-line of the 
pole. 

Note that the ctiuivalent circuit of the s 3 'nchronous machine shown in 
Fig. 3ti-3 clo(!s not contain the resistance r„, (see Arts. 14-2 and 2.5-2j 
which (•orr('spnn<Is to the iron los.ses due to the main flux and which 
appears in the etpiivalent circuits of both the transformer and induction 
motor, 'rhis is explained by the fact that the primary winding of the 
synchronous macliine is the field winding and that the iron losses due to 
the main flux aie supplied meidianically by the rotor. 



Chapter 37 


PHASOR DIAGRAMS OF (iEAERATOR AND MOTOR 
MITII CYLINDRICAL ROTOR. ARMATI'RE 
RFACTION. GEN ERATOR C11AR AC. I’lMI 1S I'lC.S 


37-1. Fhasor diagrams of synchronous generator and motor with 
cylindrical rotor. Armature reaction. Tirst the vinsatiirMted machine, i.c ., 
tlie machine operating on its air-gap, will he considiaed; then the satu¬ 
rated macliine. 

(a) M(ichin(‘ inisuturdted. In this cas(‘ tlie (‘(inivaUait circuit of Fig. 
3t)-3 can be used. KirchliolT's mesh (aiuation for geiK'rator operation is, 

Ey - jlaXad — jlaXi = I„r„ + V (37.1) 

and for motor operation, 

V + Ey - jlaXud - jlaXi = la^u (37- 2) 

E f is the emf induced in the armature winding by tlie field flux. Tn the case 
of the generator the sum of the three (*mf’s balances th(* voltage drop in 
the armature resistance and in the load. In the case of the motor, the 
sum of the impressed voltage and th(‘ thrive emf’s balances the voltage^ 
drop in the armature resistance. 

Eq. 37-1 for the generator can be rewritten as 

V + jl„(Xf + Xaj) ~ Ey (37“3) 

and Eq. 37 -2 for t!ie motor can Ik* r(*written as 

V = —Ey + I,;r„ + -F Xari) (37-4) 

Ey appears in the latter eejuation with a minus sign, being the counter-emf 
of the motor, just as in tlie d-c motor and induction motor. Xad is the 
reactance corresponding to the main flux, the axis of which is the direct 
axis, and is called the armature reaction reactance of the direct axis. The sum 

Xi + Xad = Xd (37-5) 

is called the direct-axis synchronous reactance. 
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The phasor diagrams wiiich correspond to Eqs. 37-3 and 37-4 are 
shown in Figs. 37-1 and 37-2, both for lagging current. Since F?/ is 90 
electrical degrees behind the flux 4/ producing it and since this flux is in 



/. (A/.) 


Fia. 37-1. Phfisor diagram 
of an unflaturatcd synchro¬ 
nous generator with a cylin¬ 
drical rotor—lagging current. 



Fig. 37-2. Phasor diagram of an un- 
saturated synchronous motor with a 
cylindrical rotor—lagging current. 


phase with the field mmf il//, both <!>/ and Mj are readily drawn in the 
phasor diagrams. Figs. 37-“3a and 37-3b show the phasor diagrams for a 
leading current. 

The following observations can be made on the four phasor diagrams. 
First, V is behind E/ in a generator and V is ahead of —Ef in a motor. 
Furthermore, considering the generator diagrams of Figs. 37-1 and 37-3a, 
the angle between the armature mmf Ma (see Eq. 22-20) 

N 

Ma = 0.9m kdkpla, (37-5a) 

V 

which is in phase with /«, and the field mmf M/ is larger than 90® for a 
lagging current and less than 90® for a leading current. This means that 
a lagging current in a generator opposes its field mmf, while a leading 
current supports its field mmf. It can be seen from the motor diagrams 
of Figs. 37-2 and 37-3b that the opposite is true of a motor: lagging 
current in a motor supports the field mmf, while leading current opposes 
the field mmf. 

Tliese considerations yield the following important rules of armature 
reaction in the synchronous machine: lagging current opposes the field mmf 
in a generator and supports the field mmf in a motor] leading current sup^ 
ports the field mmf in a generator and opposes the field mmf in a motor. 

However, it should be observed that it is not the power factor angle 
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ip between la and V which determines the character and the magnitude 
of the armature reaction but the angle f between la and Ef or --E/y be¬ 
cause the position of Mf in the phasor diagram is determined by Ef. 




]''iG. 37-3a. Phasor (iiagram of an un- Fig. 37 -31). Taiasor diagram of an un- 

satnrated synchronous generator with a saturated synchronous motor with a 

cylindrical rotor—leading current. cylindrictal rotor—Utading current. 


It is seen from Figs. 37-1 to 37-3 that the angle between the field 
mmf Mf and the armature rnmf Ma is (90 — Neglecting harmonics, 
the field mmf and the armature mmf are sinusoidal waves, t he amplitudes 
of wliich can be treated as phasors. In 
the phasor diagrams (Figs. 37-1 to 37-3) 

Mf and Ma are the phasors which repre¬ 
sent the amplitudes of both mmf\s. Since 
the amplitude of a sinusoidal mmf coin¬ 
cides with the center-line of the flux pro¬ 
duced by it, i.e., with its pole axis (see 
Fig. 37-4), the angle {90 — ^)° is the angle 
hetween the pole axes of rotor and stator. 

Attention must be called to the angle 
8 between V and Ef or —Ef in the phasor axis 

diagrams. It will be shown later (see Art. „ , r j- . i .• 

® 1 . 17 - *77 37-4. Field mmf difltnbution 

39—1) that this angle is the baszc varzable and field p^ile axis, 

of the synchronous machine, just as the 

slip is the basic variable of the induction motor. A torque-angle charac¬ 
teristic therefore takes the place of the torque-speed characteristic of the 
induction motor, and it is the angle 8 which determines the magnitude 
of the torque. 

(b) Machine saturated. When the machine is saturated, the resultant 
mmf of the field and armature windings and the flux produced by it must 
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he considered. The armature reaction reactance Xad does not appear in 
this (;ase, because it is taken care of hy the armature mmf which is a 
component of the total mmf. Only the leakage reactance Xi of the arma¬ 
ture is to be considered and a no-load characteristic must be available 
(see Art. 36-1). 

KirchhofTs mesh eciuation for generator operation is (see Eq. 37-3) 

V + laTa + = E (37-6) 

and for motor operation (see Eq. 37-4) 

V = —E + laV a + jlaOCl (37-7) 

E is entirely different from EE/ is the emf induced in the armature 
winding l)y the field flux (of an unsaturated machine) alone. E is the emf 
indiKied in the armature winding by the flux due to the resultant mmf of 
armat ure and rotor. 



Fio. 37 5. IMiasor diagram of a Fig. 37-6. Delermimition of the resultant 

sat urateil synchronous generator miuf from the no-load characteristic, 

with a cylindrical rotor—lagging 
current. 

Fig. 37-5 shows the phasor (Hagram of a generator with a eylindrical 
rotor for a lagging current. OC, the resultant of V, laTa, and laXi, is the 
einf E to be iriduced in t he armature by the flux produced by the resultant 
mmf {Mr). Thi.s resultant mmf must lead the emf OC = ~E by 90°. Its 
magnitude is to be determine<l from the no-load characteristic as shown 
in Fig. 37-6. Having found Mr from the no-load characteristic, the field 
mmf M / is determined from the equation 

Mr = Mf + M„ 


(37-8) 
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or 

M/ = M, + (~Ma) (37-8a) 

as shown in Fig, 37-5. The angle between M/ and —Ma is (90 — 

If the generator, loaded corresponding to the phasor diagram of Fig. 
37-5, should suddenly lose its load, the voltage at its terminals would 
he the no-load voltage Ef wliich corresponds to the field mmf 717/ = OF 
(equal to FF' in Fig. 37-()). The direction of Ef is indicated in the phasor 
diagram. 

The phasor diagram of a motor with a cylindrical rotor and a leading 
current, taking into account saturation, is shown in Fig 37-7. The 
resultant mmf Mr is found from the no-load characteristic in the manner 
shown in Fig. 37-6 for tl‘e generator. 717/ is again determined from 
Eq. 37-8a. 



Fig. 37 7. Phasor diagram of a Batiiratxid Fig. 37 8. Piiasor diagram of a 

Bynchronous motor with a cylindrical rotor 8hort-circijit(‘d gc^ncrator with a 

—leading current. cylindrical rotor. 


37-2. Generator characteristics. The characteristics described in tl.(‘ 
following paragraphs are of importance for establishing good concepts of 
generator operation. 

(a) No-load and air-gap characteristic. These characteristics have al¬ 
ready been shown in Fig. 36-2. 

(b) Short-circuit characteristic, Potier triangle. The short-(;ircuit charac¬ 
teristic represents the armature current la as a function of the field 
current 7/ or of the field mmf Mf with the armature terminals short- 
circuited. It is taken at s^mchronous speed of the generator. Referring to 
Fig. 37-5 the short-circuited generator appears to be loaded with an al¬ 
most pure inductance because the resistance of the armature winding 

is small in comparison to its leakage reactance xj. Fig. 37-8 shows the 
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phasor diagram of the short-circuited machine. The terminal voltage V is 
equal to zero. The emf induced in the armature winding by the flux 
produced by the resultant mmf is AC. The resultant mmf, found from the 
no-load characteristic, is Mr and the field mmf M/ is then M/ = M, 
(-M„). The armature mmf Ma acts almost directly opposite to the 
field mmf M /, as it should for an inductively loaded generator, according 
to the rules of armature reaction (see foregoing article). 



Fuj. 37-1). Load characteristics oi a cylindrical rotor generator for constant armature current 
and variable power factor angle tp. 

The field mmf M / must be large enough to overcome the opposing 
armature mmf Ma and to induce an emf which balances the impedance 
drop laZa = /(i(r„ + jxi) of the armature winding. If, in the no-load 
characteristic of Fig. 36-2, Im is drawn equal to the impedance drop hzay 
then Om is the field mmf necessary to induce the emf which balances 
laZa = AC (Fig. 37-8). Further, if in Fig. 36-2, On is made equal to il//, 
then rnn <= Mf — Om is the opposing armature mmf Ma- Finally, if nd 
is made equal to /„ in Fig. 36-2 and the origin 0 is connected with d by a 
straight line, the line Od is the short-circmt characteristic of the generator. 
It is a straight line because in tlie short-circuited machine the emf induced 
in the armature and the main flux are small; as a result there is no satu¬ 
ration of the iron. 

Tlie triangle Imn in Fig. 36-2 is a characteristic triangle of the synchro- 
UQW machine: it contains two important quantities, namely, the armature 



GENERATOR CHABACTKRISTICS _3^ 

reaction mmf (mn = Ma) and the leakage reactance Xj « = Im/Ia- 

This triangle is called the Potior triangle. 

(c) Load characteristic. This characteristic represents the terminal 
voltage V as a function of field current 1/ or field mmf M / for a constant 
load current la and a constant phase angls ip. I'ig. 37-9 shows three such 
cliaracteristics for the same constant load current la but for different 
values of a lagging angle <p. 

Ijct OA be the normal terminal voltage F„ of the generator. The field 
current necessary to produce this voltage at no-load is Aa. At a fixed 
load current the field current required to sustain the no-load voltage 
increases rapidly with decreasing cos <p. This increase of field current is 
necessary to counterbalance the voltage drop laZ„ but mainly to counter¬ 
act the armature reaction which increases 
with increasing lagging angle <p. The 
cos <^ = 0 load characteristic can be read¬ 
ily construct ed if the no-load characteris¬ 
tic and the Poticr triangle are available. 

This is based upon the fact that, at 
cos V = 0, the armature mmf is in almost 
direct opposition to the field mmf, just as 
at short-circuit, P^ig. 37-8. Then at con¬ 
stant current /„ the voltage drop remains 
the same (= Im) for all values of V and 
tlic armature reaction mmf also remains 
the same (= mn) for all values of V. 

Thus the cos ^ = 0 characteristic can be 
found by moving the Potier triangle Imn 
parallel to itself with the vertex I on the 
no-load characteristic; the point n describes the cos ^ = 0 characteristic. 
Fig. 37-9. For the voltage OA = F„, as an example, the emf induced by 
the main flux is (OA -f- mi); the resultant mmf is Am and the field mmf is 
An. For the voltage OA' the induced emf is (OA' + ml) and the resultant 
field mmf is A 'n. 

It has been shown that the cos = 0 load characteristic can be deter¬ 
mined from the no-load characteristic and the Potier triangle. Inversely, 
the Potier triangle can be determined from the no-load characteristic 
and two points of the cos ^ = 0 load characteristic. It will be noted in 
Fig. 37-9 that the Potier triangle Imn fixes the angle IDn, since On is 
parallel to the axis of abscissae and 01 is parallel to the air-gap line. Let 
n and «' in Fig. 37-10 be two experimentally determined points of the 
cos yj = 0 load characteristic, the point n Ijeing determined with the 



Fig. 37-10. Detonnination of l*()ti(;r 
triangle from no-load cliaraeteriHtie ainl 
two points of zero power factor charat;- 
teristic determined by test. 
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armature short-circuited and the point n' being determined at normal 
voltage Vn with full-load current. Then, if n'O' is made equal to nO and 
the line O'A is drawn through O' parallel to the air-gap line, the inter¬ 
section of O'A and the no-load characteristic will yield the Potier triangle 
Imn. Im is the leakage reactance drop and Im/Ia is the leakage react¬ 
ance xi. mn' is the armature reaction mmf Mo. 

(d) External characteristic. This characteristic represents the terminal 
voltage F as a function of the load current at constant field current //, 




Fio. 37-11. External characteristics for lag- Fig. 37-12. Kegulation curves 

ging and leading current. for constant power factor. 


and constant power factor cos Fig. 37-11 shows the trend of the external 
characteristic for lagging as well as leading current. For a lagging current 
the voltage drop increases as the power factor decreases. 

(e) Regulation curve. This curve shows the field current 7/ as a function 
either of the load current /« at constant power factor, or of the power 
factor at constant load current la- In both cases the terminal voltage is 
kept constant. Fig. 37-12 shows regulation curves for two fixed values of 
power factor and variable /«; Fig. 37-13 shows a regulation curve for a 
fixed value of the load current and variable cos tp. The trend of these 
curves, as well as that of the other characteristics of the machine under 
load, can be explained by the rules of armature reaction (see foregoing 
article). 

(f) Short-circuit ratio. The short-circuit ratio (SCR) of a synchronous 
machine is defined as the ratio of field current required to produce rated 
voltage on open circuit to the field current required to produce rated 
current on short circuit. Fig. 37-14 shows a no-load characteristic and 
a short-circuit characteristic. The armature current is expressed in per- 
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unit of rated current. According to the definition 


SCR = 


OF. 


LF, 

KF. 


IF. 

1 


LFo 


The short-circuit ratio determined in this manner is the saturated SCR. 
Tlie unsaturaled SCR is equal to L'Fo'; it is determined from the no-load 
field current which corresponds to t he air-gap characteristic and is smaller 
than the saturated SCR. 



The short-circuit ratio is an important factor for the synchronous 
machine for the following reasons. The field mmf OF,, Fig. 37-14, neces¬ 
sary to produce the rated current at short circuit is larger the larger 
the armature reaction mmf and the laXi di’op (see Fig. 37-8). A small 
SCR indicates a large armature reaction, i.e., a machine .sensitive with 
respect to load variations. A large SCR indicates a small armature 
reaction, i.e., a machine less sensitive to load variations. 

(g) Determination of the direct-axis synchronous reactance Xj. This 
reactance can be determined from the no-load and short-circuit character¬ 
istics. Consider Fig. 37—14. The field current OFa' induces the emf Fo'a = 
Vn in the stator at open circuit. When the stator is short-circuited at 
the same field current OFo', the induced emf in the stator is the same but 
it is consumed by the drop due to the synchronous impedance (see 
Fig. 37-1) i.e. F/ = Fo'a = Fn * laZd- Since fa is small in compari.son 
with x<j 


Xd « 


Ijl 

h 


Vn 

Fo'L' 


(37-9) 
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where la = Fo'Jj is the short-circuit current which corresponds to 
If = OFo'- FqV is expressed in Fig. 37-14 in per-unit, the unit being 
the normal current. If, in Fig. 37-14, the voltage is also expressed in 
per-unit with the normal voltage Vn as the unit value 

1 


As has been shown under (f), Fo'L' is the unsaturated short-circuit ratio. 
Thus 


SCR 


(37-10) 


i.e., the s 3 '’nehronous reactance in per-unit is equal to 1 divided by the 
urisalurated short-circuit ratio. 


37-3. Voltage regulation. The voltage regulation is defined as the per-unit 
voltage rise which takes place at the terminals when the load is dropped 
and the field current and the speed remain unchanged. In this case tlie 
no-load voltage corresponding to the field current appears at the machine 
terminals; this voltage can be determined from the no-load characteristic. 
In Fig. 37-9 the field mmf which corresponds to the voltage Vn and 
cos <p = 0.8 is Ab. The no-load voltage E/ produced by this mmf is cd 
and consequently the per-unit voltage regulation is: 


e 


cb 


E; - Vn . 




m p-u 


(37- 11) 


or 



X 100 in percent 


(37-1la) 


The voltage regulation increases with increasing load current la and 
with increasing lagging angle ip. For capacitive loads the voltage regula¬ 
tion may be negative. Fig. 37-15 shows the voltage regulation for a 
constant-load current and variable power factor. 

Similar to the short-circuit ratio, the voltage regulation is determined 
partly b^^ the voltage drop laZa but mainl^’^ by the armature reaction. It 
is an important factor for the s^mchronous machine. There are several 
methods emplo^^ed for the determination of the magnitude of the voltage 
regulation. The following empirical method is recommended by the AIEE. 

The no-load characteristic and two points of the cos = 0 load char¬ 
acteristic are determined b}^ tests, one of the two points being at normal 
current and short-circuited armature (point n Fig. 37-10), the other 
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point teing at normal current and normal voltage (point /?/ Fig. 37-10). 
From this the Potier triangle can be determined as explained in the 
foregoing article. Referring to Fig. 

37-16a where the load current la is 
assumed along the horizontal, draw 
tlic \^oltage diagram of the three 
phasors Fn, ^a^a, and laXi, i.e., deter¬ 
mine the emf E to be induced in the 
armature by the flux due to the re¬ 
sultant mmf (see Fig. 37-5). 7/« is 
then the difference in field amperes 
between tlie air-gap line and the 
no-load characteristic for the voltage 
E, and it represents the effect of 
saturation. 

Ill order to find the field current 
I ft which corresponds to the load 

current 7^, the rated voltage F,,, and the fixed value of the angle draw 
Ifg horizontally (Fig. 37-101)), lay off the value of the field current 
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Fig. 37-15. Voltage repilat ion as a func¬ 
tion of powe? '‘ictor for constant lagging 
and leading current. 




Fig. 37-16. Empirical AIEE method for determination of regulation. 

required to produce the current la m the short-circuited armature 
(On Fig. 36-2 or On Fig. 37-9 or O'n' Fig. 37-10) at the power factor 
angle <p to the vertical, and add I /, directly to the phasor sum of these two 
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phasors. The no-load voltage E/ corresponding to I/t determines the 
voltage regulation. 

Example. The no-load and the full-load zero-power-factor characteristics of a 
S-phase, 6500-kva, 5500-volt, Y-connected turbogenerator are shown in Fig. 37-17. 
The ordinate is plotted in volts per phase. 

5500 

Vn = —= 3180 volts per phase 

V3 

la = — -p- - — 683 amp 

V3 X 5.5 

Following the methods of Art. 37-2, the triangle O'ln is constructed, and the Potier 
triangle Imn is determined. From this, mn = 71 is the armature reaction Ma expressed 



‘3 


cx, 

.3 



1.0 


0.8 


0.6 


0.4 


0.2 


0 


in terms of field amperes, Im = 660 volts is the leakage-reactance voltage; therefore 
Xi 660/683 = 0.968 ohm. The leakage reactance in p-u is 660/3180 = 0.208. The 
short-circuit ratio (unsaturated) SCR is Aa/On = 73/87 = 0.84, and the saturated 
value is Ab/On = 80/87 = 0.92 (for the saturation at rated voltage). Also from the 
short-circuit characteristic (on per-unit basis) the SCR = Fo'V = 0.84; the saturated 
value SCR = FoL » 0.92, Therefore Xd = 1/0.84 = 1.19 in per-unit. The unit imped¬ 
ance is 3180/683 = 4.66 ohms; therefore Xd = 1.19 X 4.66 = 5.54 ohms. Also 
by definition Xd =* n/i/683 = 3780/683 = 5.54 ohms. The armature-reaction react- 
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ance Xad — Xd Xi (Eq. 37-5); hence Xad = 5.54 — 0.968 = 4.57 ohms, or 4.57/4.66 = 

0.98 i)-u. 

The per-unit voltage regulation of this machine now will be determined for (1) unity 
power factor, (2) 0.8 power factor lagging, using the AIEE method in Art. 37-3 (see 
also Fig. 37-1^). ( Armature resistance i s neglected.) From Fig. 37-5 it follows that 

E = cos ,p)- + (F„ sin ^ + laiY', hence for ^ = 0, ^ = VOISO)® + (660)* 

= 3250. From Fig. 37-17 the value of I/g Aa = 73, I/th = 87, and //, « 8.0. 




Fig. 37-18. 


y-3180 


Fig. 37-16b is now constructed as shown in Fig. 37-18a in which a5 = //p = 73, 
be = = 87; then ac = \/73“ + 87-^ = 113.6, cd « 8, and hence I ft = ad = 121.6. 

This value of field current produces E/ — 3950 
at no-load (see Fig. 37-17). Hence e = (3950 — Lxi 

3I80)/318() = 0.242 at unity power factor. For 
COS (p = 0.8 lagging current £/"A2B0 

E = Vc^sTsO X 0.8)* + (3180 X 0.6 + 660)* 

= 3615 volts 

From Fig. 37-17, Ifu - 73, Ifsh == 87, If, = 16. 

Fig. 37-16b now appears as shown in Fig. 37-18b. 

Here ah = 73, he — 87, cd = 16, ad = 159.2 amp. 

This If produces Ef = 4280 volts at no-load; 
hence 

,. - g’ . 0..W 

3180 



With the information given in this example Fio. 37-19. 

it is instructive to (Iraw the phasor diagram of 

Fig. 37-5 for this machine. This is done only for 0.8 power factor lagging (Fig. 37-19). 
The figure is drawn to scale, so that V = 3180, E — 3615, Mr == 100, Ma — 71, 
M/ = 159.2, cos tp = 0.8. 


PROBLEMS 

1. For the machine of Example 37-1, determine the voltage regulation for 0.8 
power factor leading, and draw the voltage and mmf diagrams. 

2. The no-load and full-load zero-power-factor curves for a 12.0-kv 5000-kva 
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3-pha8e Y-connected 60-cycle turbogenerator are as follows, the voltage being per- 
phase (neglect armature resistance): 

‘7/(amp) : 10 20 30 40 43.0 50 60 70 80 90 100 110 

F (no-load): 1750 3500 5120 6360 6700 7260 7800 8280 8580 8780 — — 

T (full-load): — 0 1080 2720 4250 5380 6180 6750 7080 

(a) Construct the Potier triangle and determine Xi in ohms and in per-unit. 

(b) Determine the armature reaction Ma in terms of field amperes. 

(c) Determine Xd in ohms and in i)-u. 

3. Using the AllOE method, determine the voltage regulation for the machine of 
Problem 2 in [>-u for unity j)ower factor and for 0.8 lagging and 0.8 leading. 

4 . For the machine of Problem 2 draw the short-circuit characteristic and deter¬ 
mine tlie saturated and unsaturated SCR. 

5. The no-load and full-load zero power factor characteristics for a 23,500-kva, 
13,800-volt, 3-phasc, 60-cycle, 2-pole, 0.85-p.f. lagging hydrogen-cooled turbogenerator 
arc given flelow in i)-u values. 


No-load characteristic 


If. 

0.10 0.20 

0.40 

0.60 0.80 

1.0 

1.2 

1.4 

1.6 

V' (no-load): 

0.13 0.23 

0.45 

0.69 0.87 

1.0 

1.09 

1.15 

1.21 

Zero-power-factor characteristic 







If 

1.2 1.3 

1.4 

1.6 1.7 1.8 

2.0 

2.2 

2.4 

2.6 

V (full-load); 

0.015 0.13 

0.25 

0.49 0.61 0.69 

0.83 

0.92 

0.99 

1.25 


Unit field amperes = 183 
Unit voltage = 13,800 


Neglect armature resistance. 

(a) Construct the Potier triangle and determine xi in ohms and i)-u. 

(b) Determine the armature reaction M« in terms of field amperes. 

(c) Determine the value of Xd in both ohms and p-u. 

6. For the machine of Problem 5 determine the voltage regulation for 0.80 p.f. 
lagging and 0.80 p.f. leading, using the AIEE method. 

Draw emf and mmf phasoi* diagrams. 

7. Determine the saturated and unsaturated SCR for the machine of Problem 5. 

8 A 70,600-kva, 13,800-volt, 3-phase, 60-cycle, 2-pole, 0.85-p.f. lagging hydrogen- 
cooled turbogenerator has no-load and full-load zero power characteristics identical 
with those of Problem 5, on a j>-u basis. However, for this generator: 

Unit field amperes = 350 
Unit voltage = 13,800 

(a) Construct the Potier triangle and determine xi in ohms and p-u. 

(b) Determine the armature reaction Ma in field amperes. 

(c) Determine the value of Xd in ohms and jvu. 

9. For. the niadiine of Problem 8 detenxiine the regulation at unity, 0.80 lagging 
and 0.8 leading power factor, using the AIEE method. 

Construct Out and mmf phasor diagrams. 
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PHASOR DIAGRAM OF SYNCHRONOUS GENERATOR 
AND MOTOR WITH SALIENT POLES 


38-1. The two-reaction theory. It has been mentir nod in Art. 36-2 that 
the salient-pole machine, because of its interpolar f'paces, must be treated 
differently than the machine with a cylindrical rotor. Contrary to the 
latter machine which has only one axis of symmetry (tlie pole axis or the 
direct axis), the salient-pole machine has two axes of symmetry, namely, 
the pole axis and the axis through the center of the interpolar space (the 
direct axis and the quadrature axis). 

While two mmf^s are acting upon the direct axis of the salient-pole 
machine, the field mmf and the armature mmf, only one mmf is acting 
upon the quadrature axis, namely, the arm¬ 
ature mmf; the field mmf has no component 
in the quadrature axis. This indicates that, 
for the treatment of the salient-pole ma¬ 
chine, the armature mmf must be resolved 
into two components, one acting upon the 
direct axis, the other acting upon the quad¬ 
rature axis. This means that two armature 
reaction mmf^s will have to be considered 
in the salient-pole machine {two-reaction 
theory). 

It has been shown in Art. 37-1 that the 
field mmf M / and the armature mmf Ma are 
shifted with respect to each other by an 
angle (90 — (see, for example. Fig. 37-1). 

The same angle applies to the pole axes of field and armature. Since the 
direct axis coincides with the pole axis of the field, (90 — ^) is also the 
angle between the direct axis and the armature mmf Ma> Fig. 38-1 shows 
the relative position of the direct axis, quadrature axis, and the armature 
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Fig. 3S- 1. Resolution of the arma- 
ture nirnf into two components, the 
direct-axis armature mmf and the 
quadrature-axb armature mmf. 
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minf Ma- Resolving the armature rnmf into the two components mentioned 
above, its component in (lie direct axis is Ma sin rp and that in the quadra¬ 
ture axis is Ma cos The notations used will be 

M„ sin ^ = Mad' (38 -1) 

M«co8^ = Maa (38-2) 

the first being the armature mmf in the direct axu, the second being the 
armalurc rnmf in the quadrature axis. Thus, the mmf\s M/ and 71/,,^' are 
acting upon th(‘ direct axis and only the mmf Maq^ is acting upon th(‘ 
quadrature axis. 



Fig. 38-2. Armature mmf wave aud its two component waves in tlieir positions relative to 

the direct and quadrature axes. 


The armature mmf wave with the amplitude Ma and its two component 
waves with the amplitudes Mad' nnd Maq' in tlieir positions relative to 
the direct and quadrature axes are shown in Fig. 38-2.. Figs. 38-3 and 
38-4 show the two component mmf waves separately. 

The flux <lensity is directly proportional to the mmf and inversely 
proportional to the reluctance. It is seen from Fig. 38-3 that the flux 
density produced by the armature mmf in the direct axis will be small in 
the interpolar spaces at both ends of the pole-shoe, i.e., the direct-axis 
armature mmf is relatively ineffective in these spaces. Introducing an 
elTectiveness-factor Cj which takes into account the interpolar spaces, 
the effective armature mmf in the direct axis is (see Eq. 38-1) 

Mad = CdMa sin ^ (38-3) 

The factor Cd is about 0.85. 

It can be seen from Fig. 38-4 that, because of the interpolar spaces, the 
effectiveness of the armature mmf in the quadrature axis is mucli less 
than that of the armature mmf in the direct axis. Introducing an effective- 
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ness factor for the quadrature axis (\, this fa(*tor is only about 0.45 and 
the effective armature nmif in the quadrature axis is (see Va\. 38-2) 

Maq = CyA/a cokS ^ (38~4) 

The factors and botli smaller than 1, take into account the inter- 
polar space. This means that calculating \vitl> the reduced mnif’s in l)oth 
axes, CdMa «in ^ and CqMa cos the gap around the stator bore is to l)e 
considered uniform, namely, of the same magnitud(' as that under tlh‘ 
pole. 

Tlie phasor diagrams of the salient-poh* machine (*an now be con¬ 
structed. In the case of the unsaturated macliine, tliree minf's and three 




Fig. 38-3. Direct-axis 
ariiuiturc inmf in ils posi¬ 
tion relative to the direct 
axis. 


I'kj. 3S~‘1. (Quadrature-axis armatur(‘ luinf 
in its position relative to the quadrature 
axis. 


fluxes will be considered, namely, tlie field fiux, th(^ arinaturt' flux in tlie 
direct axis, and the armature flux in the quadrature axis. In the case of 
tlie saturated machine three mmf^s and two fluxes will lie considered, 
namely, the flux in the direct axis produced by tlie resultant of the field 
mmf and the direct-axis armature mmf, and the armature flux in tlie 
quadrature axis. 


38-2. Phasor diagrams of the generator and motor with salient poles. 
Armature reaction. First the unsaturated machine will be treated. 

(a) Machine unsaturnted. The direct-axis armature mmf Mad is pro¬ 
portional to /asin^; the quadrature-axis armature mmf Maq is pro¬ 
portional to /aCosi^. The first mmf produces a flux in the direct axis; 
the second mmf produces a flux in the quadrature. As a consequence, the 
two fluxes are proportional to, and in phase with, /asim/^ and /« cos ^ 
respectively. The emTs induced by the two fluxes in the armature winding 
are — jxadia sin ^ and — jXaqh cos \l/. The first of these cmf’s is similar 
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to that which appears in the unsaturated machine with cylindrical rotor 
fsee Eq. 37-1). As in the case of the latter machine, Xad is the armature 
reaction reactance in the direct axis. Accordingly, Xaq in the second emf, 
^jXaqla COS is tlic oTmaturc reaction reactance in the quadrature axis. 

Compared with the cylindrical rotor machine, Xad has the same sig- 
nificance in both kinds of machine and Xaq appears only in the salient- 
pole machine. Furthermore, two emFs are to be considered in the arma- 



Fid. 38-5. Fhasor (liagniin of an un- Fio. .38-6. Phasor diagram of an un¬ 
saturated, Bali(;nt-polo generator with lag- saturated, salient-pf)le motor with leading 

giug current. current. 


ture winding of the salient-pole machine, one perpendicular to sin ^ 
and the other perpendicular to /« cos while only one emf, perpendicular 
to I at is to be considered in the armature winding of the cylindrical rotor 
machine. 

Notice that Xad is due to a flux the path of which is the same as that 
of the field winding, i.e., along the field poles, and Xaq is due to a flux which 
goes across the main poles; both of these fluxes do not take into account 
the leakage fluxes of the armature winding. 

Kirchhoff’s mesh equation for generator operation is (see Eq. 37-3) 

V + I„r« + jlaXi + jXaqla COS ^ + jXaJa sin ^ = E/ (38-5) 
and that for motor operation (see Eq. 37-4) 

V = “E/ + laTa + jla^l + j^aqla COS ^ + jXadh sin ^ (38-6) 

Fig. 38-5 shows the phasor diagram of an unsaturated salient-pole 
generator for lagging current. The phasors V = OA, lara = AB and 
BC = laXi are drawn in the same manner as before (see, for example, 
Fig. 37-1). Then the phasors CD = Xag/aCos^ and DF = Xad/aSin^ 
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are drawn. Since, according to Kirchhoff’s mesh law, the phasor row 
OABCDF must be balanced by the enif induced in the armature by the 
field flux, OF is equal to Ef, E/ lies 90° behind M /. Fig. 38"~fi shows the 
phasor diagram of an unsaturated salient-pole motor for a leading current. 

It will be observed from diagrams Fig. 38-5 and 38-6 that a lagging 
current in a generator opposes the field mrnf and also that a leading 
current in a motor opposes the field mmf. This is the same as in the 



Fig. 38-7. Auxiliary diagram tu Fig. 
38-8. 


Fig. 38-8. Phasor diagram of 
an unsaturat od, salient-polo gen¬ 
erator with lagging current on 
the basis of the synchronous 
r(‘a(‘tanco8. 


machine with a cylindrical rotor. In general, the rules of armature reaction 
derived for the cylindrical rotor machine apply also to the machine with 
salient poles. 

The phasor diagrams, Figs. 38-5 and 38-6, can be represented in a 
somewhat different form. The phasors AB = Ija and BC = laXi can 
each be resolved into two components (Fig. 38-7) so that AA* ^ 
hr a cos 'B = hr a sin yp,BB^ = hxi sin and B'C = /„x/ cos \p. Further 

introducing the abbreviations hxi cos ^ -+* hXaq cos ^ = hXq cos 
hxi sin yp + hxad sin 4^ = hXd sin v^, h cos ^ and h sin ^ = hf 

the phasor diagram (Fig. 38-5) for the generator with lagging current 
becomes as shown in Fig. 38-8. Xd = xi + Xad is the direct-axis synchro¬ 
nous reactance (see Eq. 37-5). 

Xq = Xl + Xaq (38-7) 

is the quadrature-axis synchronous reactance. 

Constructing the phasor diagrams (Figs. 38-5 to 38-8), it has been 
tacitly assumed that the angle ^ betw^een h and is known. Otherwise 
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it would not be possible to resolve la into the components /„ sin ^ and 
la cos The following artifice can be used to find the angle ^ while 
constructing the diagram. 

In Fig. 38-9 which refers to a generator with lagging current, the 
phasor DC = cos i/- is the emf induced in the stator winding by 
the cro.ss-flux of the machine, the axis of which is the quadrature axis. 
Since the path of the cross-flux is unsaturated, the emf CD = 7aX„, cos 4 , 
can be found from the lower part of the no-load characteristic (air-gap 




Fio. 38-10. Determination of the 
angle i/ . 


line) as tho (aiif correspoiKling to the mmf Mf — Maq = CqMa cos ^ (p]q. 
3S~4). If the line CB = laXi (Fig. 38-9) is extended until it intersects tlie 
line in which E/ lies, the distance CC' is equal to CZ)/cos^. This emf 
(= laXnq) is independent of the angle \l/ and can be found just as the 
emf Cl) from tlie lower part of the no-load characteristic; it is the emf 
which corresponds to tlie mmf ' cos ^ = CqMa (Fig. 38-10). Hence 
the angle \l/ can be found in the following way: Draw the phasor row 
OABC; determine, from the no-load characteristic, the emf which cor¬ 
responds to the mmf CqMaj i.e., the emf CC' = laXaq] extend BC by the 
distance TC' = IaXq\ the line which connects the origin 0 with the 
point C' coincides with Ef and makes the angle \l/ with /„. 

(b) Machine saturated. When the machine is saturated, only one flux 
is to be considered in the direct axis, namely, the flux produced by the 
resultant of the mmf’s Mf and Mad- Kirchhoff’s mesh equation for 
generator operation is in this case (see Eq. 38-5) 

V + laCa + jlaXl + jXaqla COS ^ = Erf 


(38-8) 





Pll VSOR DTAORAM OF SYNCHRONOUS GENERATOR AND MOTOR 363 


and for motor operation (see Eq. 38-6) 

V = — Erf + I„r„ -t- jlaXi + jx„J.a cos ^ (38-9) 

E,i is in phase with Ef because both emf’s are induced by the flux in tlic 
direct axis. However, the niaKtiitude of E,i is different from that oi E/: 
E,i is due to the flux produced by ttie resultant inrnf in the direct axis; 
Ef is due to the field flux alone. Xa.i does not appc'ar in Eejs. 3S-S and 38-9. 
Fig. 38-11 sliows the pha.sor fliagram of a saturated salient-pole generator 



current. 


with lagging current. Tlio pliasor row OAliCI) is tlu^ same as for tlie 
unsaturated machine (see Fig. 88 o). ]n tlie unsaturaled mat^hine, the 
armature inmf in the direct axis Mad produces an (uiif —jXadK win in 
the armature winding which is balanced i)y an etjual component of tlie 
emf Ef produced by the field flux (I"ig. SS-o). In tlie case of t he saturaUid 
machine, OD (Fig. 38-11) is the emf induced in the armature winding by 
the flux due to M/ + Mad = Mr, i.c., by the flux produced l)y the result¬ 
ant minf Mr. Tliis resultant mmf Mr must lie d('termined from the no- 
load characteristic as the mmf which corresponds to Ed = OD, in the 
same way as for the saturated machine with cylindrical rotor (see Fig. 
37-6). With Mr known, the field mmf is found as M/ = Mr + {-Mad)- 
Fig. 38-12 is the phasor diagram of a saturated salient-pole motor 
with leading current. The construction is the same as that for the unsat¬ 
urated machine (Fig. 38-6), except that here OD is the emf induced by 
the (single) direct-axis flux of the machine and its mmf Mr is to be deter¬ 
mined from the no-load characteristic. Just as for the generator, Af/ = 
Mr + (-Mad)- 
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38-3. Generator characteristics. Voltage regulation. Since the rules of 
armature reaction are the same for both cylindrical rotor and salient- 
pole machines and since the voltage drop la^a = lai'f'a + jxi) also appears 
in both machines, the characteristics of the generator with salient-poles 
have the same general shape as those of the machine with a cylindrical 
rotor (see Art. 37-2). 

The short-circuit ratio and the synchronous reactance in the direct 
axis, Xfij can l)e determined in the same way as in the case of the machine 
with the cylindrical rotor, namely, from the no-load and short-circuit 
characteristics (see Art. 37-2). Also the relation between the synchronous 
reactance in the direct axis, Xj, and the short-circuit ratio (SCR) is the 
same (see Eq. 37-10) as for the cylindrical rotor machine. 

The syiKihronous reactance in the quadrature axis Xq — Xi + Xaq 
(Eq. 38-7) is a quantity peculiar only to the salient-pole machine. 
When Xd and xi are known, then 


Xad 


Xaq is the armature reaction reactance in the quadrature axis; Xad is that 
in the direct axis. The ratio of Xaq and Xad is the same as the ratio of the 
armature flux in the quadrature axis and the armature flux in the direct 
axis, both produced by iinil current flowing in the armature winding. 
The factors Cq and Cd in E(]s. 38-3 and 38-4, which take into account the 
interpolar space, theoretically make the air-gap uniform around the 
stator bore. Since the ratio of fluxes is the same as that of their mmf’s, at 
constant air-gap, the ratio of Xaq and Xad must be the same as that of 
Maq and Mad at unit current (/„ cos ^ = 1, /« sin ^ = 1), i.e.. 


^aq _ f 7 

^ad d 


(38-10) 


from which equation Xaq and also Xq = Xi + Xaq can be determined. It 
can be seen that Xaq is much smaller than Xad and therefore Xq is also much 
smaller than Xd. 

The definition of the voltage regulation and the methods for determining 
its magnitude are the same for the salient-pole machine as for the cylin¬ 
drical rotor machine. Thus the AIEE method described in Art. 37-3 
can also be applied to the salient-pole machine. 


Example 38-1. Fig. 38-13 is the no-load and gap characteristic for a 20-kva, 60- 
cycle, 3-phase, 440-volt, Y-connected, 6-pole, salient-pole synchronous generator. 
Each field pole has 400 turns. The armature is a single-circuit winding, with 72 slots 
and 8 series conductors per slot, coil pitch 10 slots. The armature resistance Va =* 0.13 
ohm, the leakage reactance xi = 0.23 ohm, and the ratio of pole arc to pole pitch 
bp/r = 0.7. 
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From tlie armature winding data, the coil pitch is | and kp « 0.966, kd = 0.958, 
kdp = 0.925, la = 20,000/(440 X 1.73) = 26.3 rated armature current. Cd = 0.84 and 
= 0.46 correspond to bp/r = 0.7. From Eq. 22-20: 


Ma 


O. dmNqlgkdp _ 0.9 X 3 X 96 X 26.3 X 0.925 

6 "" ’6 


1050 AT per pole 


Ma — 1050/400 = 2.63 in terms of field current. CgMa - 0.46 X 2.63 = 1.21. Fig. 
38-9 is now constructed for cos tp - 0.8 lagging current. OA = 254 volts, AB — 26.3 X 



0.13 = 3.42 volts, BC == 26.3 X 0.23 = 6.05 volts. From Figs. 38-10 and 38-13 with 
OC = CgMa = 1.21, CC" = Xagla = 84. This is CC' in Fig. 38-9. From the latter 

^ ^ sin V? 4- IgXi -f Ig^aq ^ 254 X 0.6 -f 6.05 -f 84 ^ ^ ^ go 

V cos (f + lafa 254 X 0.8 4" 3.42 

cos ^ = 0.648, sin ^ = 0.761, ^ ^ = 12.7® 

Ed = V cos 4“ laTa COS ^ 4" hxi sin ^ 

= 254 X 0.975 4- 3.42 X 0.648 4- 6.05 X 0.761 = 254.6 volts 

From Fig. 38-13, 7/ required for Ed = 255 is 4.05 amp. To this must be added Mad = 
MaCdsinyf/ = 1050 X 0.84 X 0.761 = 671 AT or 671/400 == 1.68 field amp to over¬ 
come Mad> Hence the field current required is 4.05 4- 1.68 = 5.73 amp. This value of 7/ 
produces a no-load voltage of 310. The regulation is € = (310 — 254)/254 =* 0.22 at 
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O.S power factor la^ginR. The charactteristic reactances may be determined from the 
data as follows: Ma == 2.(13 in terms of field current for the rated current, 23.6 am|). 
For this same current InXi = 26.3 X 0.23 = 6.05 volts. With 7«x/ and Mad = CdMa the 
F(»tier triangle may lie drawn in Fi«;. 38-13. The short-circuit characteristic can now be 
det(;rmirif‘d (see Fi«. 36 2) with wn = M.,d and ml = laXi. The no-load characteristic 
and short-circuit characteristic yield the unsaturated SCR = 1.593. The value for xj is 



Fm. 38-11. 


therefore 0.628. The unit Impedance is 254/26.3 — 0.66 ohms and the leakage reactance 
in iHU 0.23/9.66 --- 0.023S. Hence Xad - JV - xj = 0.628 - 0.0238 = 0.604. From 
this Xaq -- 0.601 X 0.160.81 - 0.331. Therefore Xq — Xaq + xi - 0.331 -f 0.0238 — 
0.355 p-u. 

Example. 38-2. Tin' synchionous reactances in both axes will be determined for the 
following generator: 

Out|)ut: 875 kva, (m)s ip — 0.80. 3 phases, 60 cycles, 21 ]a)les, 2300 volts, !„ — 220 amp. 

Stator winding: 180 slots. 6 conductors per slot, coil |)itch 6 slot pitches, pole pitch 
T = 9.52 in., wi<lth of the pole an* h,, - 6.0 in., no-load minf at 2300 volts M/o = 3610 
AT per pole and M/oq = 2930 .\T ])er pole for the gaj) only. The leakage reactance is 
0.826 ohm per phase. For the ratio hp/r = 6.0/9.52 = 0.63, Cd = 0.86, Cq — 0.41. 
The number of slots per pole |)er phase q — 180/ (3 X 24) == 2.5,* kd == 0.955. kp = 
sin [(6/7.5) X 71/2] == 0.951, kdp = 0.908. The number of turns per phase 


Na 


6 X ISO 

2X3 


180 


* In this example, the value of q is 2.5. Such a winding is classified as a fractional slot winding 
and WHS not considertHl in Chapters 21 or 22 of this text. F<|u:ition 22-6 for the distribution 
facU)r d(H'8 not apply to this kind of windin/ 
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The total armature inrnf in the direct axis at ^ = 00° (sliort circuit) is 

ilfad = 0.9 X 3 X ^ X O.ltOS X 220 X 0.S6 = 34S0 AT iior pole 


From the data given, the air-gaj> line 0(7 in Fig. 3S~ 14 may he drawn. Construct the 
Potier triangle with im = /„x/ = 220 X 0.S20 = 1S2 volts and tnn - 34S() AT. To 
point n (3730 AT) corresponds unit armature current (tiA) ('ii the sliort--circuit clmr- 
acteristic—draw this latter characteristic. Corresponding to M/o,/ = 2030 and M/o — 
3610 (points B and B' res])ectivelv) the unsaturated and saturated SCR may he 
determined as 0.78 and 0.06 respectively. Hence: 

Xd = -L = 1.2S 

0.7S 

xi - 0.137 

Xad = 1.2S - 0.137 •-= 1.14 

0.11 

Xan - l.M X -0.543 

0..S6 

Xq — Xi Xaq - 0.137 0.543 == 0.680 


PROBLEMS 

1. Determine the voltage regulation of th(* machine of Ivv.ainple 38-1, at unity power 
factor and at 0.8 ])ower factor leading. Draw the voltage' and mmf diagram to scale. 

2. Determine tlie synchronous reactances in both axes for t!ie following generator: 
Output: 16,500 kva, cos ip — 0.85, 3 phases, (U) cycles, 52 i>oles, 6600 volts, 

la = 1442 amj). 

Stator winding: 312 slots, 2 conducte)is i)er slot, ce)il ])itcli = 5 sh)t ])itches, pole 
pitch = 11.55 in., pole arc = 8.5 in., no-load mmf at titiOO volts M/o = 6380 AT per 
pole, and M/og = 5730 AT per pole for the* gai)only. Leakage reactance of the armature 
winding (in p-u) = 0.187. Cd = 0.84 and Cq == 0.48, corresponding to bp/r - 0.736. 

3. The no-load characteristic of the machine of Prohlem 2 is as follows, the voltage 
being per-pliasc: 

AT per pole: 3020 4500 .5520 6380 7080 8350 

Volts: 2000 3000 3500 3810 4000 4250 

Determine (a) field amyxire-turns refiuired j)er }x)le to produce rated armature current on 
short circuit; (h) the saturated SCR; (c) the voltage r(^guhition at unity, 0.80 lagging, 
and 0.80 leading power factors. (r„ neglected.) 

4. A 3-phase, 15-kva, 220-volt, Y-connect(Hi, 6-pf)le synchronous generator with 
salient poles has rg = 0.10 ohm i)er phase. The no-load ciiaracteristic is 

y(l)er phase): 37 70 98.4 109.3 123 142 L56 166 174 181 187 

//(amp): 1.0 2.0 3.0 3.5 4.0 5.0 6 7 8 9 10 

The full-load zero-power-factor characteristic is 

V: 0 62 88.5 109 127 132 

//: 4.05 6.35 7.43 8.5 9.7 10 
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The short-circuit characteristic is 

//: 2.1 4.05 6.17 

la. 20 40 60 

The ratio of Xd to Xq was found to be 1.21. Construct the Potier triangle and determine 
X/, and the value of Ma expressed in terms of field amperes. 

5. Determine the voltage regulation of the machine of Problem 4 at unity power 
factor and at 0.8 power factor, leading and lagging current. 

6. Determine Xd and Xq for the machine of Problem 4. 

7. The following data apply to a 72-pole, ir),()r)7-kva, 100-rpm, 13.8-kv, Y-con- 
nected, waterwhecd synchronous generator: Xd — 0.895, Xq = 0.62, Xi — 0.240 in 
j>-u. The armature reaction Ma expressed in terms of field amperes is 135. Determine 
Xaq and Xrtd and express all the characteristic reactances in both ohms and per-unit. 
Determine the vjdue of field current required to circulate rated current in the short- 
circuited armature, and the SCdl (unsaturated). 7/ = 80 amp for E — 3600 v. 

8. The no-load characteristic for the machine of Problem 7 is 

T': 2000 3600 6300 7800 8900 9550 10,000 

//: 45 80 150 200 250 300 350 

The voltage is per-phase. From the data given determine the values BC, CC/ and the 
angles ^ and 5 of Fig. 38-9. From CC' and the no-load characteristic determine MaCq, 
and then Ca and Cq. (cos (p = 0.8 lagging, neglect Va.) 

9. From the data determined in Problem 8 d(?termine the voltage regulation of the 
rnacliine, at unity and at 0.8 lagging and leading ])ower factor. Use method described 
in hiXample 38 -1. 

10. lle|)eat Problem 9, using the AIEK method, and compare results. 

11. A 6(KK)-kva, 2400-volt, 3-phase, 60-cycle, 10-pole, salient-pole generator has a 
resistance of 0.006 ohm per phase and is wye-connected. The characteristic curves are: 
No-load 


I / (amp): 

25 

50 

75 

100 

125 150 175 

200 

255 

V’ (terminal): 

690 

1330 

1900 

2320 

2600 2770 2900 

3020 

3160 

Full-load zero power factor 







If (amp): 

100 

125 

150 

175 

200 225 250 275 

300 

325 

V (terminal): 

0 

650 

1170 

1580 

1890 2090 2240 2350 

2450 

2520 


Short circuit 

//(amp): 0 50 100 150 

/a (amp): 0 720 1450 2160 

Construct the Potier triangle and determine xi (in ohms and p-u) and Ma in equiva¬ 
lent field am()ere8. 

12. Determine the voltage regulation for power factors of unity, 0.80 lagging, and 
0.80 leading for Problem 11. 

13. Determine the SCR, Xd. and x^ for the machine of Problem 11. Cd = 0.84 and 
Cq « 0.50. 

14. A 750-kva, 2400-volt, 3-phase, 60-cycle, 52-i)ole, salient-pole generator has an 
armature resistance of 0.15 ohm per phase and is wye-connected. The characteristic 
ourves are: 
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No-load 


//(amp): 10 

20 

30 

40 

50 

60 70 

80 

100 120 

140 

V (terminal): 470 

930 

1400 

1830 

2150 

2420 2600 

2750 

2960 3150 

3300 

FvlUload zero power factor 








//(amp): 70 

80 

90 

100 

no 

120 140 

160 

200 


V (terminal): 0 

550 

920 

1200 

1500 

1740 2130 

2350 

2700 


Short circuit 









If (amp): 


0 


31 

62 


93 


la (amp): 


0 


100 

200 


300 



Construct the Potier triangle and determine xi (in olnns and p-u) and Ma in equiva¬ 
lent field amperes. 

15. Determine the voltage regulation for power factors of unity, O.SO lagging and 
0.80 leading for the machine of Problem 14. 

16. Determine the SCR, Xd, and Xq for the machine ot Problem 14. Cd - 0.85, 
Cg = 0.45. 



Chapter 39 


TORQUE AND POWER RELATIONS. PARALLEL 
OPERATION OF SYNCHRONOUS GENERATORS. 
SYNCHRONIZING GENERATORS 


39-L Torque and power relations. Fij:;. 30-la sliows the power balance 
of tlie synchronous gencH-ator. It has Ixmmi pointed out already that the 
iron lossi's lu'cessary to sustain tlie main flux are supplied by tlie 

rotor. Th(‘ total power input shaft) is then consumed l)y the sum of 
/Vf,, IIh? rotational iron losses (/^r.r..t), the friction and windage losses 


P inp, shaft 

P rot./ 

Pfltttp. to lines 

Pinp. stator 

P rot./ 

P outp. shaft 



m V cos ^ 




^ir.rot. 

Generator 


^+w 
^ir. rat. 

Motor 


Fig. aa la. I’owcr l)!ilanct* of a syn- 
chnnious gfiuTiitor. 


Fig. .39-11). J’owor l>alance of a 
pynchronouH motor. 


{Pr-^.\y)y and the eli'ctromagnetic power supplied to the stator (Prot.f)* A 
small part of the latter power is consumed by the stator as PR losses, 
and the balance {tnVIa cos v?) goes to the line. The copper losses of the 
field winding do not appear in the power balance of Fig. 39-la liecause 
they are supplied by a d-c source of power. Fig. 39-lb shows the power 
balance of tlie synchronous motor. 

As in all other electric machines, the electromagnetic power (Prot.f) is 
equal to (see Eq. 1-33 and Eip 2()-3) 

Prot.f = cos ^ watts 
370 


(39 1) 
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and the electromagnetic torque 

7 04 

T = • Protflb-ft (39-2) 

ft. 


Phasor diagram Fig. 38-8, which refers 
generator, will be used in order to trans¬ 
form Eq. 39-1 for the electromagnetic 
power (/«r„ will be neglectedb The result 
obtained also holds with satisfactory ac¬ 
curacy for the saturated machine. The 
electromagnetic power of llie machine 
with a cylindrical rotor will app(‘ar as 
a special case of the machine with salient 
poles. 

With Ta^a neglected, the phasor dia¬ 
gram of I"ig. 38-8 l)ecoin(\s as shown in 
Fig. 39-2. I furthermore, it follows fi-om 
Figs. 39-la and 39-11) that for = 0 


to an unsaturated salient-pole 

ia 



KJili<*n1-p(»l(* pwirrator -- 
(’urnnit - ;•« assuincd zcsro. 


Prot.f = mV la eos ^ 


(39-3) 


It can be seen from Fig. 2)9-2 that 

la COS (f = Id sin a — V") + Iq (‘OS (> — = Id sin o + cos <5 


Esin 5 = 



5 


1 cos 6 = h f — / dXd 


h 


Ef — r cos rt 
Xd 


Inserting the equations for /„ cos (p, 7,^, and Id in l^j. 39-3 the ecjuation 
for the electromagnetic power' becomes 

Pro,A = m - ^ «ii 0 + mV- sin 26 (39-4) 

Xd 

In the cylindrical rotor machine Xa = Xq since thei*e are no interpolar 
spaces. Thus for the cylindrical rotor machine 

Prox .i = 'fff —“ 5 (39-5) 

Xd 


It has been mentioned that the angle 6 between V and Ej is the basic 
variable of the syriclironous machine. It can be seen from Eqs. 39-4 and 
39-5 that for constant field current, i.e., for constant E/, the electro- 
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magnetic power and torque (Eq. 39-2) of the synchronous machine depend 
solely upon the angle 5. 

Fig. 39-3 is the torque-angle characteristic of the cylindrical rotor 
machine. The angle 6 is arbitrarily assumed positive for generator opera- 



Fki. 30-3. Torque aug;le characteristic of a cylindrical rotor machine. 

tion and negative for motor operation. The characteristic is a sinusoidal 
curve, and maximum torque occurs at 5 = ±90°. 

Considering l'](|. 39-4 for the salient-pole machine, it is seen that the 
saliency (xj 9^ x,) appears in tlie second term which is a function of sin 26. 


Tin 




Motor 

Operation 

/' \ 

180,---' . -90 

X^iBo 

\ / 



- 6 

' 

Generator 

' \ '7 

Operation 




Fig, 3^1-4. Torque angle characteristic of a salient-pole machine. 

Fig. 39-4 shows both terms of the torque of the salient-pole machine, 
each separately, as well as the total torque as a function of 8. Maximum 
torque occurs at an angle smaller than 90® for both generator and motor. 
Aii examinatipu of Eqs. 39-4 and 39^5 shows that, when the field cur- 
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rent is zero (E/ = 0), the torque of the cylindrical rotor-machine is zero 
while that of tlie salient-pole machine is not zero hut has a definite value. 
The latter machine is able to produce a tor(|ue without field excitation 
and this torque depends upon the difference between the reluctances in 
botli axes (xj — x^). Synclirorious motors without field windings are used 
for certain applications as small units; the}" are called reluctance motors, 

3^2. Parallel operation of synchronous generators. Since qualitative 
ratlier than quantitati\’e results are important for the consideration of 
macliiiies operating in parallel, the cylindrical rotor machine, as the 
simf)ler of the two types, will be considered. Furthermore, it will be 
assumed that the saturation of the magnetic path is low and that the 



Ficj. 31)-5. SiniplifKid 
plijisor diagram of a 
cylindrical rotor gcn- 
e r ii t o r—1 a g g i n g 
current. 




V 


Fid. 39 0. eiwiHor 
diagram ft)r no-load 
and Ef = V. 


armature resistaiu'e is zero. Under these simplified conditions the phasor 
diagram of a generator with lagging current is shown in Fig. 39-5 (see 
also Fig. 37-1). 

It lias been shown in the foregoing article that t he angle 8 between the 
phasors V and E/ is & measure of the power developed by the machine. 
Consider a sj-nchronous generator connected to a line with a constant 
voltage V, at no-load. Since 5=0 corresponds to the no-load condition, 
the pliasors E / and V in the phasor diagram of Fig. 39-5 must coincide. 
It will be assumed that the field current is adjusted in such a manner that 
E/ = F. The phasor diagram which corresponds to the no-load condition 
with Ef = V is shown in Fig. 39-6. Also according to Kirchhoff’s mesh 
law, Eq. 37-1, the armature current /„ must be zero because E/ = F. 
Now let the regulator of the prime mover (for example, a turbine) be 
influenced in such a manner that the prime mover receives added input 
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(more steam) and seeks to drive the generator at an increased speed. 
Since the rpm of the s 3 'nciironous machine is fixed by its number of poles 
and the line frequency (see Ecj. 1-9), the increased input will result in an 
advance of the pole structure, i.e., considering the phasor diagram of 
Fig. 39-6, the phasor Ef will be moved ahead of the line voltage F to a 
new angle 6 (Fig. 39-7) which corresponds to the power input. Since 



Fkj. 3V)-7. Phasor diagram 
showing relative ]iosi(ion of 
Ef and V of I'ig. 6 after the 
input to the prinio mover has 
l)(H‘ri increased. 




ia) 


h 


h 


(b) 


Fig. 30-8. Infliieneo of change in 
field current on heliavior of a synchro¬ 
nous generator. 


E/ 5 *^ V, a currcMit /« will flow in the armature winding of a magnitude 
determined liy Kq, 37-1, i.e., (E/— V) = jlaXd- It follows from Fig. 39-7 
the phase displacement between the current /„ and the terminal voltage V 
is relatively small. This leads to the important .statement that the forward 
advance of the phamr Ef {of the pole structure) forces the generator to deliver 
a current /„ to the line which is nearly in phase with F, and which there¬ 
fore yields an active power output. 

Thus, if the output of a synchronous generator which is operating in 
parallel with otliei* generators is to be increased, its prime mo\'er must be 
accelerated hy supplying it with more power (for example, more steam) 
and, vice versa, if the output is to be reduced, the prime mover must be 
decelerated by reducing its input. This is entirely different from the 
operations neci'ssary to change the load of a d-c generator or an induction 
generator: a change of tlie field current is necessary in order to change the 
load of a d-c generator (see Art. 6-7), and a change of the speed (of the 
slip) of the rotor is necessary to change the load of an induction generator 
(see Art. 26-4). 

Consider again Fig. 39-6 which represents the phasor diagram of a 
generator at no-load with its field current adjusted in such a manner that 
Ef = F. No change will be made in the power input of the prime mover so 
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that the angle d will remain equal to zero. Howe\'ei, a change will he made 
in the field current, i.e., in E/, First let the field current be iiKTcased so 
that Ef > F, as shown in Fig. 39-8a. Ac(‘ording to KircliholFs mesli law, 
Eq. 21-1, jIaXd must then l)e in phase willi F, i.e., tlie generator current 
la must lag F by 90°. Tims an increase of field current forces the genera¬ 
tor to carry a lagging reactive current. If the field current is decreased so 
that Ef becomes smaller than T", as shown in Fig. 39-81), is opposite 
to F and the generator is forced to carr^' a leading reactive current. 

The character of the armature current for an increase or decrease of the 
field current, obtained from tlie {)hasor diagiams of Figs. 39--8a and 
39-81), can also l)e derived from the nih'S of armature reaction (see 
Art. 37-1). If a generator or motor is coniKaded lo a line with a constant 
voltage F, the flux of the machine and therefore its fu'ld current are fixed 
l)y the load and the voltage F. If the field ciirnait is now increased above 
this fixed value, a geiua-ator will react by di'livi'ring a lagging current to 
the line, because in a generator a lagging currcait opposes the field mmf. 
If, on the otiier hand, the field current is decreasial below this fixed value, 
a generator will react by d(‘livering a leading current to the lint', because 
in a generator a leading current supports the field mmf. The o])p()site is 
true of the motor. 

It follows from these considerations tliat a variaiion of the field current^ 
at fixed load and voltage, will force the generator to delieer reactive current. 

Care must be taken that generators optirating in parallt'l are loaded in 
proportion to their ratings. This applit's to tht' active as well .as to the 
reactive current of each gi'nerator, i.e., not only the armature current l)Ut 
also the field ('iirrent must be properly d(‘lermiM(*d and fixed. Consider, 
as an example, two duplicate generators oj)erating in paridlel at a fixed 
voltage F with an inductive load having a fixed cos v?. TIk^ voltage F 
should be obtained witli identical field currents in l)oth generators. How¬ 
ever, the required \'oltage also can be obtained wlien one generator is 
overexcited and the other generator imderexcited. In tliis latter case the 
underexcited generator, according to ICq. 37-1 and Fig. 39-8b, must 
carry a leading current. Since there is no place for a leading current when 
tlie load is inductive, the leading current will flow as an internal circulating 
current between the stators of the two machines, producing additional 
PR losses and heat in the windings. 

30-3. Synchronizing of synchronous generators. Synchronizing a syn¬ 
chronous generator means connecting the generator to an existing line 
with a terminal voltage F in such a manner that no inrush of current 
takes place. 
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As in the case of the d-c generator, several conditions must be fulfilled 
in order to avoid an inrush of current. 

1. The terminal voltage of the incoming machine must be equal to the 
line voltage V. 

2. Both voltages must be in phase. 

3. The frequency of both voltages must be the same. 

The first condition means that the voltage of the incoming machine must 
be exactly equal to the line voltage. If the terminal voltage of the incoming 
machine is greater or less than the line voltage, a current surge results 
upon the connection of the new machine, which subsequently causes 
circulating current through the armature winding of the machine, the 
bus-bars, and the other generators feeding the line. 

The se(!ond condition, botli voltages in phase, means that at the 
moment of connection the terminal voltage of the incoming machine and 
the line voltage must act in opposition to each other in tlie closed (dreuit 
consisting of the incoming ma(diinc, the bus-bars, and the other gen¬ 
erators. If both voltages are not in phase at the moment of connection, 
the resulting voltages difference produces a surge of current which, in case 
of large phase displacements, can damage the ma- 
cliine windings. 

The in-phase condition between t he line voltage and 
the voltage of the in(*oming machine and also the third 
condition of equal frequencies can be determined by 
means of lamps. Fig. 39-9 shows the arrangement of 
the lamps for an incoming single-phase maclnnc. The 
doul)le-pole switch S is bridged by two lamps L. If the 
voltages are ecpial and in phase, the lamps remain dark. 
However, if the voltages are equal but the line fre¬ 
quency and the frequency of the incoming machine are 
not the same, the lamps remain dark for onh^ a short 
time, then brighten, and later become dark again. The 
flashing of the lamps occurs in a periodic sequence, and 
the frequency of fluctuation is an indication of the dif¬ 
ference in frequency bet ween the incoming machine and 
the line. The frequency of the incoming machine must 
be adjusted so that the flashing of the lamps takes place very slowl}’, and 
the switch S must be closed at the moment when the lamps are dark. For a 
3-phase machine, t hree lamps are connected to a 3-pole switch in the same 
manner as for the single-phase machine. Instruments called synchroscopes 
are also available for an accurate indication of synchronism. 



Fin. Syn¬ 

chronizing a gcMicr- 
ator by means of 
lamps. 
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PROBLEMS 

(Consider all machines imsaturated. Unit current = rated current for generators and 
- /hp for motors.) 

1. A 1500-HP, 6600-volt, 3-phase, 60-cycle, 6-])olc c>linilric!il-rot(U’ synchronous 
motoi has a rated armature current of 136 amp, and an armature reactance Xd “ 0.95 
p-u. Neglecting the resistance and assuming the inT)ut })ower to remain constant at 
1000 kw, determine the angle 6 for values of E/ — 1.15, 1.20, 1.25, 1.30 (j>-u) volts 
resjiectively. Determine the power Prot.t in each case. 

2. For each value of E/ and tlie angle 6, determined in Problem 1, calculate (a) the 
line current, (b) ])ower factor of the motor. Determine the value of E/ anil 5 to produce 
a motor powei* faidor of unity. 

3. Since Va is neglected, tlie limiting value of 5 is 00°. For an input of 1000 kw, 
determine the value of Ef wlieii 5 = 90°. 

4. Keiieat Problem 1 for injiuts of 1200 kw and for 500 kw. 

5. Repeat Problem 2 for injiiits of 1200 kw and for 500 kw. 

6. If the motor of Problem 1 is constructed with a salient-|)ole rotor having an 
armature resistance of 0.01 p-u, Xd = 0.90 |vu, and x^ = O.iio p-u, determine the power 
/\ot-f for tlie same 5 angles calculated using tlie (‘orrcsponding values of E/. Compare 
your results with Problem 1. Neglect resistance. 

7. Two identical synchronous gener*ators o[)erate in parallel di‘livering jKiwer to a 
40.000-kw load at 0.S66 power factor lagging and iat(*d terminal voltage. The macliines 
ai(* Y-coniiected and each is rated 30,000 kva, 13.2 kv and has Xd - 0.775 in [>-u. 
They are adjusted so that each is delivering its pi*ojH‘r shar(‘ of the load, and each 
opei'.ates at the same power factor. Determine for each machine (a) kva; (b) kw; 
(c) kvars: (d) the voltage Ef (jier jihase); (e) the angle 6; (f) the angle i/', neglecting r„. 
A comliined graphical and analytical solution is suggested for these iiroblems on parallel 
operation. 

8. The excitation of one machine of Problem 7 is increased so that Ef — 14,000 
volts per phase, while the terminal voltage*, the total load, and the |>ower of each 
machine remain constant. Determine (a) the iiower factor of each macliine; (b) the 
current of each machine; (c) the voltage Ef of the second machine; (d) the angle 5 for 
each machine; (e) the angle yp for each machine; (f) the kva of each machine; (g) the 
kvars of each nia(4iine. 

9. Two synchronous generators are rated as follows: machine I, 30,(K)0 kva, 13.2 kv, 
Xd = 0.775 per-unit; machine II, 12,2.50 kva, 13.2 kv, Xd — 1.0 per-unit. They both 
are Y-connected and operate in parallel to deliver a total load of 36,000 kw at 0.866 
power factor delivering current in proportion to their rating. Determine for each 
machine (a) the kw; (b) the kva; (c) the kvars; (d) the current; (e) the jiower factor; 
(f) the voltage Ef \ (g) the angle o. 
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CIRCLE DIAGRAM OF THE SYNCHRONOUS 
MACHINE 


As in the ease of the induetion motor the geometric locus of the stator 
current of the synchronous machine is a circle when the parameters 
(r«, Xiy and tlie niHin flux reactance) are constant (piantities. Otlierwise 
the geometric locus liecomes a curvx^ of higher order tlian tiie second 
ord(T. Only the simplest- case with constant parameters, namely, the 
unsnluratcd macliine with constant reluctance around the stator bore, 
i.e., with a cijlindrim^^ rotors will be considered. 


40-1. Circle diagrams for constant developed torque and variable field 
current. Considering the synchronous motor, the power input per phase 
is (Fig. 39-lb) 

= Via <^*os ip watts pcr pliasc (40-1) 

and the ('lecti’omagiu'tic power (the power transferred by the rotating 
held), which is proportional to the developed torque of the machine, 

= Vfa COS ip — watts per phase (40-2) 

Consider Fig. 40 1. L(‘t OL be (he current /« wliich corresponds to a 
fixed torque at a tixc'd field current. Then with a point Mr on the axis of 
ordinates, at first chosen arliitrarily, 

Lr siir = Ur - {OMt - la cos ip)^ 
or 

20M rJ,, cos ip — Irra = OM%ra — RT^Ta 
If the point Mr chosoi in i>ucli a manner that 

OMj. = -L- (40-3) 

2r„ 

t hen 


T I (*0s ip f a r 


1^2 

- - - Rt\ 


(40-4) 
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The left .side of this equation is the power inu sferred by the rotating 
field, ProT.f Eq. 40-2). In order that this power, i.e., the torque, 
remain constant and independent of the value of the field current, the 
(luantity on the right side of Eq. 40-4 must be a constant, i.e., 

y2 

- li/ra = constant == f (40-5) 

4r„ 

Since V and are constant quantities, the (luantity Rr must also ))e a 
constant, if i.e., tlie torque, is to remain constant and independent 



Fkj. ‘10 1. r)(‘t(‘rininjiti<)n of 
fur 

toniiu' and variable^ field curn'iit. 



I'do. ‘10 2. ('ircle diapiraniH for con¬ 
stant tonjuc and variabh* field current 
(/•« abnormally la?'ge). 


of the magnitude of the field current. Tims, tlie geonudric locus of the 
stator current for constant torepu' and vai-iable field (‘urrtait is a circle icifk 
Rr the radius and Mr the renter pointy wherel>y OM r = E/2r„. d'o 
each value of tlie constant tonpie tliere corresponds another value of Rr, 
l)ut the center point Mr i« always the same for all const ant-torfjue cir(‘les. 

Solving Kq, 40-5 for tlie radius Rr at constant tor(|U(‘ (constant 
Pro^.i) _ 



Prnt { (constant) 


(40-0) 


This equation determines the radius of th(* circh*, with J\f t as a center 
point, which corresponds to tlie chosen constant \^alu(^ of torque (/\ot.f). 
The radius Rt which coriesponds to zero torque is 

Rto^P ( 40 - 7 ) 

Since OMt = V/2ra, the zero-torejue circle goes through tlie origin of the 
coordinates 0. Fig. 40-2 shows several circles for different values of 
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constant torque. The larger the torque, the smaller the radius (spo 
Eq. 40-6). The influence of the variation of the field current shows up in 
the change of the active as well as of the reactive components of at t he 
same value of torque. The change in the active component is due to the 
change of the copper losses JaTa- If these losses are assumed to be zero 
(ja = 0), then according to Eq. 40-2 

Prot.t = yia COS ip (40-8) 

In order that the torque (Prot.f) remain constant, the power input 
Via cos ip must remain constant, i.e., the geometric locus of the primary 
current for constant torque at variable field current (r„ = 0) l)ecomcs 


C 



40-3. Locus of stnior current for Fig. 40-4. Circle diagram of iin¬ 
constant torque and variable field cur- pedance drop laZd for constant field 

rent (r® ^ 0, la cos tp = constant, T = current, 

constant). 

a straight line as shown in Fig. 40-3. As to be expected from the rules 
of armature reaction (see Art. 37-1) the armature current becomes 
leading when the motor is overexcited, and lagging wlien the motor is 
underexcited. 

40-2, Circle diagrams of the synchronous machine for variable torque 
and constant field current. The phasor diagram Fig. 40-4 refers to a 
motor operating wdth a lagging current (see Fig. 37-2); the voltage 
phasor V is placed in the vertical. The geometric sum of the voltage drops 
I aTa and jla^d i^ designated as IaZd- This latter phasor is \l/a degrees ahead 
of the current phasor /« where 

tan ^ 

Ta 


(40-9) 
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If the torque is varied at constant field current, the magnitude of the 
phasors V and Ef will not be changed, but the torque angle S (see Art. 
39-1) will increase Avith increasing torque and decrease with decreasing 
torque. Therefore the phasor laZd changes with changing angle 3, and with 
it the armature current, la also changes. 

It can be seen from P'ig. 40-4 that, when 5 varies, the end-point of 
Ef describes a circle with the origin 0 as a center point. Since the end¬ 
point C of the terminal voltage phasor V is fixed, the end-point A of the 

pliasor laZd which coincides with the end-point of £*/ also rrwves on a circle. 
The ininimum value of laZd i^^ 

EiZdimin) “ ^ Ef (40-10) 

and the maximum value of laZu is 

hZdimax) = ^ + Ef (40-11) 


The minimum and maximum values of laZd lie in the vertical, coinciding 
with the direction of tlie voltage phasor F. 

If tlie end-point of tlie pliasor moves on a circle, the same must 
l)e true of the end-point of tlie phasor /„ because Zd i*s a constant. The 
pliasor JaZd is xpa degrees ahead of the phasor /«. Therefore, the minimum 
and maximum valiU's of /„ must lie 4^a degrees behind the line on wliich 
the minimum and maximum values of laZu lie, i.e., i/'a degrees behind the 
terminal voltage F. Thus, if a Ymc OG is drawn which lies \pa degrees 
l)ehind the voltage F (see Fig. 40-5), ‘‘^Rd /„(inax) on this line. 

The values of /a(min) and /adnax) are determined l)y Eqs. 40-10 and 40-11 as 


I 


a(min) 


V-Ef _V +_Ej 

1 • i(xnax) 

Zd 


(40-12) 


If, in Fig. 40-"), OPi = /„(n.ir.) and OP-^ = Hien PjPa is equal to the 

diameter of the circle on whicli the end-point of /„ moves, and the center 
point M of the circle lies midway between the points Pi and P 2 . Thus 
the diameter of the circle is e<i\ial to 

^E 

D == /a(max) Ei(min) =- - (40-13) 

Zd 

and the distance from center M to the origin 0 is 

OM = /„(„ax) - ? = - (40-14) 

2 z,i 


i.e., the diameter of the circle depends upon the magnitude of P/ and 
therefore upon the field current, while the position of the center of the 
circle depends upon the magnitude of the terminal voltage V. The di> 
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ameter of the circle changes with the field current, but the center is the 
same for all circles. The diameter of the circle increases with increasing 
field current. When the field current is zero, the circle degenerates into a 
point, namely, the center M for which the torque is zero. Circle diagrams 
for variable developed torque for three different values of field current 
are shown in Fig. 40-7 {va = 0). 

In order to determine the Torque-Line in Fig. 40-5, two points must 
hi) found on the circle for which the torque is zero (see Art. 27-3). 



In Fig. 40-2, which represents circle diagrams for constant developed 
torcpie and variable field current, the two zero-torque points must lie on 
the circle T = 0, because this circle comprises all possible values of field 
current and tlierefore includes the field current for which the circle of 
Fig. 40-5 is drawn. Thus, if in Fig. 40-5 a circle is drawn with the radius 
It TO = l 72 r„ (Eq. 40-7) from a center Mr on the axis of ordinates and 
through the origin O, tliis circle will intersect the circle of variable torque 
in two points (.4 and B Fig. 40-5) for which tlie torque is zero; the line 
connecting these two points is the Torque-Line, The machine operates 
as a motor on the arc AB al)ove the Torque-Line and as a generator on 
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the arc AB below the Torque-Line. Since zero torc^ue corresponds to ;he 
center M, this point must also lie on the T = 0 circle. 

The distance from a point on the circle to the axis of abscissae is pro¬ 
portional to the power input (see Art. 27-3), and the distance from a 
point on the (‘ircle to the Torque-Line is proportional to the developed 
torque of the machine and also to the developed me(*hanieal power of the 
macliine (/^oi.r) which includes the windaf 2 :e, fri(‘tion, and iron losst‘s. 

Starting witli the point .1 (Fig. 40-5), the tonjiie rises and reaches its 
maximum value {pull-out torque) TTx at point T. l^eyond the point /’ 
the power input and the armature current in(*rease, but tiie developed 



I’lo. 40 (). Circle di.i^niia f(»r variahlo Fid. 40 7. liifliKMK'ci of (ixeitation on overload 
toniue and constant iic'ld current (ro = 0). capacity and power factor (ro 0). 


inocluinical power and tlie torciue decrease, hecansf' llie copper losses 
increase at a greater rate than the powen- input. If the load torque plus 
the loss torque is greater than TTu the motor pulls out of step and comes 
to rest. 

At point Q, which lies diametrically opposite T, the developed mechani¬ 
cal power of the machine as a generator reaches its ma.ximum value TiQ. 
If the power output from tlie prime mover is greater than 7'iQ plus the 
losses, the prime mover runs away with th(! generator. The line TQ 
represents the slahility limits of the machiiH! as both a motor and a 
generator. 

If the armature resistance Va is neglected (r„ = 0) in Fig. 40-5, then 
'I'a = 90°, and the points Pi and P 2 lie on the axis of abscissae (P'ig. 40-0). 
Therefore the center M of all circle diagrams for variable torque and 
constant field current lies on the axis of absci.ssa. Since, for ro = 0, the 
radius of the T = 0 circle (Rto, Fig. 40-5, Eq. 40-7) becomes infinite, 
the geometric locus for T = 0 Ijecomes a straight line coinciding with the 
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axis of abscissae. Thus, for Va = 0, the Torque-Line as well as the power 
input line coincide with the axis of abscissae (Fig. 40-6). 

A comparison between Figs. 40-5 and 40-6, which represent the 
geometric locus of the stator current of the synchronous machine for 
variable torque, and Figs. 27-3 and 27-4, which represent the geometric 
locus of the primary current of the stator of the induction machine for 
variable torque, shows the similarity of both current diagrams. In both 
cases the position of the center of the circle diagram depends upon the 
magnitude of the resistance of the stator winding. In both cases the center 
of the circle lies on tlie axis of abscissae and the Torque-Line coincides 
witli the axis of al)scissae if the resistance of the stator winding is neg¬ 
lected. However, there are differences between the two types of ma¬ 
chines. The diameter of the circle of the induction machine is determined 
by the pararnet(ns (r and x) of its stator and rotor winding and by tlie 
line voltage and does not vary when the line voltage is fixed. On the other 
liand, the diameter of the circle of the synchronous machine depends 
only upon the parameters of its stator winding and not upon the parame¬ 
ters of its rotor windings. This is due to the fact that at synchronous speed 
no emf’s are induced in the rotor windings. Furthermore, the diameter 
of the current cir(*le of the synchronous machine can be varied, at fixed 
line voltage, by varying the field current, i.e., £'/. 

40-3. Influence of field current on overload capacity and power factor. 
V-curves of the synchronous motor. Synchronous capacitor. Fig. 40-7 
sho\ws several circle diagrams for variable torque and constant field 
current with the armature resistance neglected. The larger diameter 
(corresponds to the larger field current. Two statements with respect to 
the behavior of the synchronous motor can be made on the basis of 
Fig. 40-7. First, an increase of the field current increases the pull-out 
torque, i.e., tlie ratio of pull-out torque to load torque {the overload 
capacity) increases with increasing field current. (Note that when the 
armature resistance is not neglected there is a limit to the overload 
capacity, which does not follow from Fig. 40-7.) Second, at a fixed load 
the power factor of the motor can be changed over a wide range by chang¬ 
ing the field current. At a certain value of field current the power factor 
is unity; decreasing the field current below this value makes the power 
factor lagging, while an increase makes it leading. Since the field current 
influences the overload capacity, certain limits are set for the power 
factor. The field current of the synchronous motor is usually adjusted 
in such a manner that the motor operates at rated load either with 
cos = 1 or with a leading power factor. 
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Consider Fig. 4Q-5. For a given motor the location of the center M 
is fixed by the angle 4'a, i.e., by the parameters of the armature winding 
and by the terminal voltage, since OM == Vizd. The current which 
corresponds to an arbitrary point L on the circle is /„ = Oh. Then the 
distance LM must be equal to E/hd. This can l)e seen by comparing 
Fig. 40-5 with Fig. 40-4. In the latter figure OC — V, CA = I„Zd, and 
AO = Ej. Dividing the sides of the 
triangle OCA by Zj a triangle with 
the sides V/zd, la, and Ef/zd results. 

Since, in Fig. 40-5, MO — V/zd and 
OL = la, the third side of the tri¬ 
angle MOL, namely LM, must be 
Ef/Zd- It follows from this that when 
a point of tlie plane, for example 
point L' in Fig. 40-2, is connected 
with the origin 0 and the center M, 
which is fixed for a given motor, the 
distance OL' represents a current 
and the distance L'M the quantity 
E // 2 ,/,both for the .same field current; 
this is true because any point of the 
plane can be (considered as belonging 
to a circle diagram for variable torque and constant field current. It should 
be noted (as previously stated in .\rt. 40-2) that, the point M lies on the 
T = 0 circle and cori-esponds to F/ = 0. In cylindrical rotor machines 
the torejue developed is zero when E/ = 0 (.see Eqs. 39-2 and 39-5). 

If tlie center M in Fig. 40-5 is fixed for a given motor, then the points 
on a con.stant-torque circle (Fig. 40-2) yield currents /„ {OL', OL" . . .), 
and the distances from the center M to the.se points on the circle yield 
the corre.sponding emf’s {E/ = L'M X Zd){E/' = L"M X Zd) and so 
forth. In this nay the correlation between the armature currents h and 
the emf’s fe/ corre.sponding to the currents /„ can be found for any con¬ 
stant-torque circle. Fig. 40-8 shows /„ = f{E/) for three different constant 
values of T. The.so curves ha\'c the shape of a F and are called the 
V-curves of the synchronous motor. 

Each constant torque circle (Fig. 40-2) has a minimum current at 
which the constant torque is produced: this is the lower intersection point 
of the circle with the axis of ordinates. The minimum currents for the 
different constant torque circles are connected in Fig. 40-8 by a dotted 
line: this minimum-current line is also the unity power factor line as can 
be seen from Fig. 40-2. 



Fi(i. 40-8. V'^-curvtis of a synchronouH 
motor. 
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It has Jieen explained previously tliat the magnitude of the pull-out 
torque depends upon the field current. For any constant torque T (Fig. 
40-8) there is a field current at which this constant torque becomes equal 
to the pull-out torque: at this specific field current the stability limit is 
reached. The field currents (emf’s Ej) which determine the stability 
limits are also indicated in Fig. 40-8. At large values of torque T the 
stability limit approaches the unit}'^ power factor field current. A rela¬ 
tively small underexcitation in this case ma}”^ cause the motor to fall out 
of step. It. follows that the synchronous motor must be overexcited in 
the region of maximum output. 

If a synchronous motor is overexcited, it is forced to draw a leading 
current from the line (see Art. 37-1 and Fig. 40-7). The synchronous 
motor then performs the function of a static capacitor, i.c., it compensates 
for the lagging reactive currents necessarj" to sustain the fluxes in in- 
<luction motors and transformers and thus reduces the amount of lagging 
current to be supplied by the generators; as a result the generators can 
Ih' made smaller, since they do not have to supply the total amount of 
lagging current demanded by the load. Overexcited synchronous motors 
operating at no-load are called synchronous capacitors and are used to 
compensate for lagging reactive currents in large transmission lines. 
'Phey are built only in large units. 

Example 40-1. A plant operates with an average load of 1200 kw at 0.65 p.f. lagging. 
If a 500-HP 0.8-p.f. synchronous motor is added, what will he the over-all power factor 
when the motor operates at full-load? Assume efficiency = 94.5%; motor input = 
500 X 0.746/0.945 = 394 kw; 394/0.80 = 493 kva; kvar = 493 X 0.60 = 296; 1200 X 
1.17 = 1400 kvar of original lagging load; total kw = 1200 -}- 394 = 1594; total 
kvar = 1400 - 296 = 1104; tan ip = 1104/1594 = 0.697 cos ip = 0.82. 

Example 40-2. If the synchronous motor operates at i load with excitation un¬ 
changed, what will be the plant power factor? From Fig. 40-9 it is seen that the motor 
kva = 493 X 0.85 = 418; kvar = 493 X 0.73 = 360; p.f. = 0.51 ; kw = 0.51 X 418 = 
214; total kw = 1200 -f- 214 = 1414; total kvar = 1400 - 360 = 1040; tan ip = 
1040/1414 = 0.734; cos ip = 0.806 or practically the same as before. 

Example 40-3. How miu’h additional kw should be carried by a synchronous motor 
added to the original plant, so as to raise the plant power factor to 0.95 but not to 
exceed the original kva of the feeders? What would be the power factor of the syn¬ 
chronous motor and aliout what would he its HP rating? Original load 1200 kw = 
1200/0.65 = 1845 kva (this is the original feeder capacity), 1200 X 1.17 = 1400 kwar. 
At 0.95 p.f., 1845 X 0.95 = 1750 kw; motor kw = 1750 — 1200 = 550. Resulting 
kvar = 1845 X 0.312 = 575; leading kvar = 1400 — 575 = 825 for motor. HP input 
of motor = 550/0.746 = 736. Thus a synchronous motor rated 700 HP would be 
suitable, operating at about 0.55 p.f. at full-load. 

40-4. Starting of a synchronous motor. It was pointed out in the treat¬ 
ment of the induction motor (see Art. 24-1) that a uniform torque can 
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he^ developed only when the inmf waves of both stator and rotor are 
stationary with respect to each other. This condition is satisfied for the 
synchronous motor wlien it runs at synchronous speed; only at tliis 
speed the stator mmf and the rotor mmf have the same speed //., == 120/ p. 

Consider the synchronous motor at standstill. If, in order to start 
the motor, the stator is connected to the line, the stator mmf achieves 
synchronous speed immediately, while the rotor mmf is still at standstill. 



Fig. 40-9. Chai act(‘risti(?s of unity and 0.80 powor factor ByiH^hronoiia motors. 


Therefore no starting toniuc is developed, and the motor will not. come 
up to speed. The conditions are entirely dilTerent for the induction motor, 
hecau.se the rotor of this motor Ls not connected to a source of power hut 
e.^tahlishes its currents hj’ induction from the stator. A.s has heen ex¬ 
plained (in Art. 24-2) the mmf waves of stator and rotor in thi.s cast; are 
at .stand.still with respect to one another at any rotor speed, including 
standstill; therefore, the induction motor is capable of developing a 
starting torque. 

In order to make it possible for a synchronous motor to start, it is 
supplied with a squirrel cage .similar to that of the induction motor. 
For reasons which will become clear later (.see Art. 42-4), the Sfiuirrel- 
cage winding is called the damper vxinding. The damper bars are placed 
in .slots punched in the pole shoes (see Figs. 35-6 and 3.5-8); they are 
connected on both sides of the pole shoes by segments which are joined 
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together to make a ring connection on each side of the poles. The cage 
is not complete, since there are no bars in the interpolar spaces. 

Just as the squirrel-cage induction motor does, the synchronous motor 
takes a relative large starting current from the lines. However, since the 
damper winding is to be used only for starting, and not for running as in 
the case of the induction motor, its resistance and leakage reactance can 
be freely adjusted to suit the required starting torque and starting current. 

The rotating flux cannot induce an emf in the field winding at syn¬ 
chronous speed, because at this speed the flux is stationary with respect 
to the poles. However, it is quite different during the starting period 
when the speed of the field structure is less than that of the rotating 
flux; in this case a high emf is induced in the field winding which lias a 
large number of turns, and this induced emf may lead to a breakdown 
of the insulation, if the field winding is left open during starting. In 
order to protect the field winding it is chsed through a resistor during the 
starting period. This resistor is removed from the field circuit, and the 
d-c excitation is applied when the rotor reaches its maximum induction 
motor speed; the motor then falls mto synchronism and runs as a syn¬ 
chronous motor. At synchronous speed the damper winding is ineffective. 

The resistance inserted in the field circuit during starting is about o 
to 15 times the resistance of the field winding. Besides protecting this 
winding it also improves the starting performance of the motor. 

When it is necessary to reduce the starting current of a synchronous 
motor, the same means can be employed as for the induction motor: 
an autotransfornier, or a reactor in series with the stator winding, is 
quite effective. Sometimes part-winding starting is applied: in this case 
each phase of the stator winding consists of two or more parallel parts 
and only a part of each phase is used for startuig. This increases the 
leakage reactance of the stator winding and thus reduces the starting 
current, but it also reduces the starting torque. 


PROBLEMS 


(Consider all machines unsaturated. Unit current = /hp-) 

1. A 700-HP, ()-iH)le, 3-phase, 60-eycle, -lOOO-volt (star-connected) synchronous motor 
has the following data at full-load: 


Efficiency 
Field current 
Total iron loss 
Friction and windage loss 
Stray load los.s 


= 93 % 

= 25.0 amp 
= 5.6 kw 
= 3.2 kw 
= 2.0 kw 
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Further: 

fa = 0.012 p-u 

xi = 0.10 p-u 
Xad = 1.08 p-u 

The air-gap line is determined by: 

If = 13.5 amp E = 3080 volts (line-line) 

It can he assumed that the rotational iron losses are equal to 2.5 kw. Construct the 
circle diagram for rated field current and determine the stator current^ power factor, 
and the ratio of pull-out torque to rated torque (developed values). 

2. Construct, for the motor of Problem 1, several circle diagrams for constant 
developed torque and draw the V-curves of the motor. 

3. Repeat Problem 1 for fa = 0. 

4. Repeat Problem 2 for Tq = 0. 

5. A 250-HP, 2f)-f)olc, 3-phasc, 60-cyc\e, 2200-volt (st.ir connected) synchronous 
motor has the following data at full-load: 

Efficiency =91% 

Field current = 36 amp 

Total iron loss = 5.0 kwr 

PViction and windage loss = 0.7 kw 

Stray load loss = 0.9 kw 

Further: 

Ta - 0.014 |)-U 
Xi = 0.14 p-u 
Xad = 0.74 J>-U 

The air-gap line is determined by: 

7/ = 23.5 amp E = 2100 volts 

It can be assumed that the rotational iron losses are equal to 2.5 kw. 

Construct tlie circle diagram for rated field current and determine the stator current, 
pow^er factor, and ratio of pull-out to rated torque (developed values). 

6. Construct, for the motor of Problem 5, several circle diagrams for constant 
developed torque and draw the V-curves of the motor. 

7. Rei:)eat Problem 5 for Va = 0. 

8. Repeat Problem 6 for fa = 0. 

9. Repeat Problem 1 for 7/ = 17 and 35 amp and draw the curve 

T dev . p .o. T 

“ - vs. 7/. 

Tdev .rated 

10. Repeat Problem 5 for 7 = 25 and 43 amp and draw the curve 

Td0i\'.p.O. , 

--vs. 7/. 

* <Jev, r»U)d 
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SMALL SYNCHRONOUS MOTORS 


Fractiona-l-liorsopower synoliroiioiis motors are built for a wider rang:e 
of output and speed tliHU fractional-horsepower induction motors. In 
miniature ratinp;s (Inflow O.OOl HP) they are used for clocks, timing 
<levic(LS, control apparatus, etc. 

I'hcro are two basic types of fractional-horsepower synchronous motors 
which do not need d-c (‘xcitation and are self-starting. These are the 
reluctance type motor and th(' hysteresis type motor. 

41~1, The reluctance motor. The ASA defines the reluctance motor as 
follows: A reluclance motor is a syn(‘hronous motor similar in construction 
to an induction motor, in which the member carrying the secondary 

circuit has salient poles, without 
direct-current excitation. It starts as 
an induction motor l)Ut operates 
normally at synchronous speed. 

Fig. 41-1 shows the rotor punch¬ 
ing of a -j-HP, 4-pole, 3-phase reluc¬ 
tance motor. Six tec'th are removed 
at four places, yielding four salient 
poles. Since this motor starts as an in¬ 
duction motor, the rings comu'cting the rotor bars must be complete, i.e., 
they must go around tlie whole rotor. The teeth can be cut out only 
partially, and the free spaces tilled with aluminum in die-cast aluminum 
rotors, as shown in Fig. 41-2. 

It has been shown in Art. 39-1 that a salient-pole machine is able to 
produce tor(]ue and run at synchronous speed without field excitation. 
Use is made of this property in the reluctance motor. Having started as 
an induction motor and having reached its maximum speed as an induc¬ 
tion motor, it pulls into step and runs as a synchronous motor by virtue 
of its saliency. 



390 



SMALL SYNCHRONOUS MOTORS 


391 


As for the d-c excited synchronous motors, puIlini| 2 :-into-step is facili¬ 
tated when tlie speed reached as an induction mot or is as higli as possible. 
This means that the rotor resistance must be made low. Furthermore, 
tlie motor pulls into step easier the lower the WR" of the rotating mass 
(rotor + load). 

The stator of the reluctance motor can be i)ol 3 ^pliase or single phase. 
Therefore, there are: 

(a) polyphase reluctance motors, 

(b) split-phase t\pe r(*luctanc(* motors, and 

(c) capacitor-type reluctance motors. 

In tlie case of the split-phase type, the capacitor-start, and the two-value 
capacitator motors the usual switch is necessary to cut out the starting 
winding or to change the capacitance before the motor readies synchro¬ 
nous speed. 



41-2. The hysteresis motor. The ASA ck^fines the hysteresis motor as 
follows: A hysteresis motor is a synchronous motor without salient poles 
and without direct-current excitation, wliich st arts by virtue of t he 
h^^steresis losses induced in the hardened steel secondary member by the 
revolving field of the primary, and operates at synchronous vspecd due 
to the reieniiviiy of the secondary core. 

In order to explain the operation of the h\'steresis motor the indu(‘tion 
motor will be considered. During the starting of the latter motor, eddy- 
current and hysteresis losses appear in the rotor iron. Both kinds of 
losses are accompanied liy tor(|ues. 

It is obvious that the edd\^ currents in the rotor iron arc able to produce 
a torque with the machine flux in the same way as the currents in the 
rotor bars do. Writing, for the edd>M*urrent loss in the rotor (Eq. 10-4), 

Pe = (41-1) 

and appl\dng Eq. 26-7 for the torque, tlie driving torque which cor¬ 
responds to the eddy currents in the rotor is 


s 


71 , 


(41-2) 
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This torque is proportional to the slip; it decreases with increasing rotor 
speed and becomes zero at synchronous speed. 

The hysteresis losses in the rotor iron can be written (Eq. 10-3), 

Pk = = c,sf,B^ (41-3) 

Again applying Eq. 26-7 the torque which corresponds to the hysteresis 
losses in the rotor is 

7 04 

n = — (41-4) 

n. 


This torque is constant and independent of the rotor speed. 

In order to get a physical conception of the torque Th, called hysteresis 
torque, consider Figs. 41-3 to 41-5. It will be assumed that the rotor of 



the induction motor has no secondary 
winding so that the driving torque 
is due only to the eddy-current and 
hysteresis losses. If there are no 



Fio. 41-3. Iron rotor without Fig. 41-4. Hysteresis loop, 

hysteresis in a magnetic held. 


liysteresis losses, the magnetization of the rotor is in phase with the stator 
mmf, as shown in Fig. 41-3: the magnetic axis AC of the rotor coincides 
with the axis BD of the stator mmf. Fig. 41-4 shows a hysteresis loop. 
Conforming to the meaning of the word hysteresis, the flux density B 
lags behind the magnetizing force when there are hysteresis losses. For 
example, starting at the point .1 of the loop and decreasing the magnetiz¬ 
ing force to the value zero, the flux density wilt not be zero but equal to 
OC. If the motor considered has hysteresis losses, this lag of the mag¬ 
netization behind the magnetizing force due to hysteresis results in a 
lag of the magnetic axis of the rotor behind the axis of the stator nimf^ 
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as shown in Fig. 41-5. The angle of lag a which causes the hj'sferesis torque 
is independent of the frequency of the magnetization of the rotor fz = sfi ; 

it depends only upon the 
hysteresis loop of the ma¬ 
terial used for the rotor and 
remains the same at all rotor 
speeds. Hence the hysteresis 
torque is constant and inde¬ 
pendent of the rotor speed. 


Fig. 41-5. Iron rotor with hytiteresia in a magnetic Fig. 41-6. Rotor of a 

field. hysteresig motor. 

It follows from ihe foregoing that the rotor iron must have higii 
hysteresis losses, i.e., a large hjsteresis loop. The rotor construction of 
the hysteresis motor is schematically shown in Fig. 41-6. A ring of 
special magnetic material, such as cobalt or chrome steel, is mounted on 
an arbor of non-magnetic material such as aluminum. No squirrel cag(‘ 
is used. Starting is produced by the eddy-current and hysteresis torques. 
At synchronous speed, the eddy-current torque is zero, and the operation 
of the motor is accomplislied exclusively by the hysteresis torque. At this 
speed the rotor develops magnetic poles similar to the d-c excited syn¬ 
chronous motor or reluctance motor. The strength of the poles is de¬ 
termined by the retentivitj^ of the rotor-ring material (OC in Fig. 41-4). 

The stator of the hysteresis motor is usually single phase. There an;; 

(a) polyphase hysteresis motors 

(b) capacitor type hysteresis motors 

(c) shaded pole hysteresis motors 

The hysteresis motor is the most quiet of small motors. (For other types 
of small synclironous motors see Ilef. on A-c Machines at end of text.) 
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HUNTING OF A SYNCIHIONOUS MACHINE 


42-1. The synchronizing torque. Consider a synelnonous motor under 
load with n voltiigi* diagram for r« = 0 as shown in Fig. 42-1. 'Die pole 
struetiire assunuvs a position su(*li that t lie enif ptiasor E/ lags the terminal 

voltage Fhy anangleS, tlie magnitude of which 
is fixed hy the load. As is seen from Fig. 42-1, 
the simplest case, i.e., the imsaturated machine 
with cylindrical rotor, is being considered again. 

Now assume that the load on the motor sliaft 
is suddiaily dropped. Then the angle 5 must be¬ 
come z(‘ro, i.e., the i)ole structure lias to mo\'e 
forward liy the angle 6. This cannot happen sud- 
dcMily liecause of th(‘ mass of the rotor (flywheel 
('ITect of the rotor). Consequently, in spite of tlie 
loss of the load, tlie armature current will not 
become zero at once, and the torque produced 
by this current, which prcAaously served to over¬ 
come the load tonjue, will now accelerate the 
pole structure. When the pole structure reaches the zero position (5 = 0), 
its kinetic energy will cause it to swing ahead of this position. Theemf Ef 
now leads the terminal voltage F, and the machine operates as a generator. 
However, since generator operation cannot continue due to tlie lack of a 
prime mover, t he angle 5 must again become zero, and the action repeats 
itvself. The entire sequence of events can be observed on the ammeters 
and wattmeters. 

This kind of oscillation is similar to that of a flywheel (sometimes 
called a balan(*e wheel) and a torsion spring. If the spring is under tension 
when the flywheel is at rest, and the flywheel is then released, the force of 
the spring seeks to bring it first to the zero position. However, since the 
wheel is accelerated by the force of the spring during the entire travel to 
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of a cyliiKlriciil r<»t!)r syn¬ 
chronous iimtor (;•„ — 0). 
*Sce foot Hole on p. ‘101. 
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the zero position, maximum vr i 'wy occurs at 5 = 0 and, therefore, tJie 
wheel swings beyond this zero ^v)sition. The spring is now twisted in th(' 
opposite direction. The position of rest (end position) is agiiin reached 
when the kinetic encrj^y of the tiywh(‘el has l)een c*on\erted into tlie 
potential energy of the spring. The action starts again and continues until 
the original energy stored in the spring is absorlu'd the frictional losses 
of the system. 

The fact that the output of a synchronous ma(*hine depends upon tin' 
position of its pole stru(*ture, and that every change in the position of 
the poles invoKes a corresponding change in the oufjnit, causes tlie 
synchronous machine to act as an oscillating system. The change in out¬ 
put (or torque), produced by twisting the pole structun* through a unit 
angle, may l)e comparc'd to tlie (Tange in the force of the spring in tlie 
mechanical system (‘onsisting of flywluHd and spring, wlu'n the flywheel 
is twisted tlirough a unit angle. 

The change in the iarque per unit angle is called the Kynehronizitig 
torque of the synchronous machine. Therefore, this is the torcpie with 
which the pole structure is restored to its mid-position when it is twisted 
ahead of or liehind this position by a unit angle. 

The power transferr(*(I l)y the rotating flux of an rw-phase synchronous 
machine is given liy Ecj. 39-5 (r(‘sistanc(* neglected): 

Prot.f = rn sin 5 (42-1) 

The torque corresponding to this jiower is: 

T = ' m sin 5 (42-2) 

n, Xu 


and consequently the synchronizing torque is: 




dh 


7.04 EfV 

- W-cos b 

rh Xu 


(42-3) 


In a manner similar to that of suddenly dropping the entire load on a 
synchronous motor, every sudden change in load of a synchronous motor 
or generator produces oscillations. Tli(‘ fre(|uency of these oscillations 
depends solely upon the magnitude of the synchronizing torque and upon 
the magnitude of the f]ywh(*el mass to lie accelerated and decelerated. 
Since an applied force is absent, the syste?n oscillates freely at its natural 
frequency. These are the same oscillations which tlie mechanical system, 
con.sisting of flywheel and spring, executes when the flywheel is twisted 
and the system is then allowed to o.scillate freely. The directive force 
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of the spring and the mass of the wheel are the factors which determine 
the frequency of oscillation. Here, as in the synchronous machine, damp¬ 
ing has only a negligible influence on the frequency of oscillation. 

Of greater importance than the natural oscillations are the forced 
oscillations which appear in the synchronous machine when the prime 
mover torque of a generator is irregular, as in a gas engine, or when the 
load torque of a motor is irregular, as in a compressor. 

If, in the foregoing example of spring and flywheel, a force is applied 
which has tlie same period as that of flywheel and spring, then the 
amplitude of the oscillations becomes greater and greater; the amplitude 
would I)ecome infinitely great if no damping were present. The magnitude 
of tlie imparted torque is of no consequence whatever; the smallest torque 
suffices to produce vioU^nt oscillations. A similar condition appears, 
although the amplitude of the oscillations does not become as great, when 
the period of the applied force is not exactly the same as the natural 
frequency of the system hut is very near to it. When an applied force is 
present, the frequency of oscillations is independent of the natural fre¬ 
quency of the system and is equal to the frequency of the applied force 
{forced oscillations). Tlie case where the frequency of the forced oscilla¬ 
tions is equal or close to the natural freciuency of the system (resonance) 
is always dangerous. 

It should be noted that a synchronizing torque appears only when the 
phasor of the terminal \'oltage V is fixed, as is the case of a generator 
operating in parallel with other generators, or of a motor (Fig. 42-1). 
In a singly operated synchronous generator the phasor V follows the 
cmf phasor E/, and there is no synchronizing torque. Again, considering 
the system of flywlu'cl and spring with damping, a singly operated 
generator lacks the spring equivalent or, comparing the synchronous 
machine with a LC/^-circuit, the singly operated generator behaves 
like a L/?-circuit, whereas the generator, operated in parallel with other 
generators, and the syiudironous motor behave as an LCi2-circuit. 

42~2. The ratio of the amplitude of oscillation in parallel operation to the 
amplitude of oscillation of the single machine (the amplification factor). 

A singly operated generator follows forced oscillations just as an LR- 
circuit follows the magnitude and frequency of the impressed voltage. 
Comparing the LR and the LC/?-circuits, for equal impressed terminal 
voltage and frequency, the frequency of the oscillations (of the current) 
will be the same in both circuits, but the magnitude of the oscillations 
(the amplitude of the current) will, in general, be different. The same 
applies to the singly operated generator and to the generator operated 
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in parallel with other generators. Considering the torque of the prime 
mover as consisting of a constant term, which produces the average power 
of the generator, and a superimposed sinusoidally varying term, which 
produces power oscillations, the generator operated in parallel with other 
generators will react differently, with respect to tlie oscillating torque, 
than the singly opeiated generator. The ratio of tlie amplitudes of oscilla¬ 
tion for both cases will l)e considered in the following: 

Let 

12 = = instantaneous mechanical angular velocity of the machiiu'; 

p/2 

Qrn = mean mechanical angular velocity of tlie machine; 

u)m = mean electrical angular velocity of the macliinc; 

J = moment of inertia of tlywlieel mass; 

Tf, = amplitude of the periodically varying part of the tongue 
curve of the prime mov('r, having the angular velocity 

The equation representing the motion of a singly operated machine is 
then 

jL = T, sin (uQj) (42^) 

p, 2 (it 

i.e., the oscillating term of the torque of the prime mover is used to ac¬ 
celerate the flywheel mass when it is positive, and decelerate the flywheel 
mass when it is negative, thus producing changes in the angular velocity 
of the rotating mass relative to the mean velocity. 

If the machine operates in parallel with other synchronous machines, 
the terminal voltage produced is common for all. If the machine in 
consideration is subjected to forced oscillations by the prime mover, the 
line voltage phasor V is no longer able to take part in the oscillations as 
in the case of the singly operated machine, but it must retain its position. 
As explained in the foregoing, the hunting pole structure will then give 
rise to variations in the magnitude of the angle 6, and consequently a 
synchronizing force appears. The synchro?iizing torqw T, is equal to the 
change in the machine torque per unit angle. For a change in the angle from 
Sm to 6, where 5™ corresponds to the mean position of the pole structure, 
the change in the machine torque is T,(S — S„). The surplus (or {'e- 
ficiency) torque which the prime mover delivers is used now, on the one 
hand, for accelerating (or decelerating) the mass of the flywheel and, on 
the other hand, to balance the synchronizing torque. 



D C AND A C MACHINES 


m 

A(*(*(>nlinj»;ly, the e(iuation of motion of the synchronous machine con¬ 
nected to a constant voltage liru^ is: 

A + r.{o - 5J = T. sin {.^J) ( 42 - 0 ) 

/> 2 at 

I'he solution of this latt(‘r e(iuation is readily obtained by considerinj>: 
an oscillating circuit consisting: of inductance and capacitance. Tlie 
voltage (‘(juatiou of this circuit is 

L ^ f i (It == E„t sin bit (42~()) 

at (' J 

I)ilT(‘r(aitiating this equation: 

L + - = K„tOi cos bit (42-7) 

On the other liaial, bv diflenMitiating Mcj. 42-7), 


... Tjbi — bi,,,) = cos (I'ilmt) (42-S) 

j) 2 (tr 

iMluations 42 7 and 42 S are identical in all respects. Tlie mutually 
corresponding terms aix* 

(o) — bi,„) . t 

. L (42-l>) 

P - 


In tlie same manner, where the synchronizing force is zero and only mass 
is present, M(|. 42-4 corresponds to a circuit containing only inductance. 

The similarity of the dilTerential e(|uations otfers a means of determin¬ 
ing the magnitude of the oscillations of tlie synclironous machine from 
the /. and /.(' circuits. Damping has been discounted for the synchronous 
machine and, therefore, must be assumed zero in the electric circuits. 

Tlu‘ amplitude of tlie current in a circuit containing only inductance is 
given by: 








in NTiNG o \^\ M.nnoNi )i SJV1 \CHINi: 

In a circuit coiitainiii»' sclf-indiictancc and capacitance tlK‘ amplitude 
of the current is: 

T _ VI 

^m,LC — - 


The ratio of these currents is: 



m . L 


o^L 


0)Ij 




1 


ClirfPLC 


(42-10) 


However, 1 (27rVLC') is the natural frecpuaicy (/„) of oscillation of 
an /vC circuit. ('onse(]Uciitly, the ratio of the maximum valiu'of current 
in a circuit containinjz; L and (' to that in a circuil containing L aloiu' is 
given t)y: 


f 



(42-11) 


The same ecjuation must ap])ly to the hunting of a synclironons 
machine. The factor s i^^ called th(* amplijication Jitctar or th(‘ niiniulus of 
rcfioruwcc. It gi\es the ratio of the ampHiude of oscillation of a systtan 
containing mass and synclironizing force to tliat of a systcan in which 
only mass alone' is j)res(ait. 


42-3. The natural frequency of the synchronous machine. The danger cf 
resonance. The natural freepiency of oscillation of a synchronous machiia' 
obtained by comparing it to a circuit consisting of inductaiuH* and capaci¬ 
tance is (Eq. 42~9) 




1 \(V/^)T. 

27r> 7 


(42-12) 


The amplification factor f depends on the freeiuency / of the forced 
oscillations of the prime mover, and on /,,, the* natural fr(*(iuency of 
oscillation, f is the ratio of two amplitude's e)f oscilIatie)n, namedy, that of 
a system with synchronizing fore*e‘ anel mass to that of a system with 
mass alone. The amplitufle of oscillation of the system (*ontaining mass 
alone has a e*onstant finite magnituele whieh remains within fixe'd limits. 
The am plifimf ion factor f is, therefore, direcily a rncasjire of the ma(jniiud.c 
of the oscillations which appear in parallel operation. 
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Fig. 42-2 shows the relation between the amplification factor and the 
ratio (Jn/f) in which the negative values of f obtained for/n > / are drawn 
upward. 

Equation 42-10 and Fig. 42-2 show that the amplification factor 
becomes greater as the natural frequency of the machine and the fre¬ 
quency of the forced oscillations of the prime mover (or of the load in the 

case of a motor) approach each other. If 
the natural frequency and the forced fre¬ 
quency are equal (resonance), the am¬ 
plitude factor f then becomes infinitely 
great. In order to avoid the danger of reso¬ 
nance, the natural frequency of oscillation 
and the forced frequency of the prime mover 
{or load) m.ust differ from each other. 

The values of f which lie between 
f = +3 and f = —2 (the cross-hatched 
region, Fig. 42-2) are to be avoided for 
satisfactory parallel operation. 

The adjustment of the appropriate ratio 
of fn to / is essentially accomplished by 
a suitable selection of the moment of in¬ 
ertia of the rotating mass (see Eq. 42-12). 
The synchronizing torque T, can be 
P'lG. 42- 2. Resonance curves. changed Only within small limits. 

42-4. Improvement of parallel operation by means of a damper winding. 

A reduction in the hunting can be achieved by a damper winding which 
is placed in the pole shoes in the same manner as the starting winding of 
the synchronous motor (see Art. 40-4), with the individual poles often 
not connected together. When the machine hunts, the armature flux no 
longer remains stationary with respect to the pole structure, but a 
difference in velocity between these two exists. Because of this difference, 
currents flow in the bars of the damper winding, which serve to reduce the 
oscillations. 

Under some circumstances an excessively strong damping effect can 
be disadvantageous. If the mechanical hunting is prevented by too 
strong a damping effect, the fl^n^heel mass loses its property as a reservoir 
of energy necessary to compensate for the torque variations of the prime 
mover. These torque variations are consequently transmitted to the 
generator so that its output and current var>^ in the same manner as the 
torque of the prime mover. This is not desirable for two reasons: first, the 
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other machines operating in parallel must take over the compensating 
effect; second, the varjong current gives rise to higher copper losses. 

If the pole shoes are solid, eddy currents are produced in them as a 
result of the relati^'e motion Iwtween the armature field and the poles; 
these eddy currents act in a manner simitar to a damper winding. On the 
other hand, in machines with laminated pole shoes the self-damping effect 
is slight and a damper winding has to l)e used. certain amount of damp¬ 
ing always is necessary, or otherwise the free oscillations which appear in 
the case of suddenly applied loads would continue undamped and thereby 
become of infinitely long duration. 

If very strong damping is present, the resonance curve f =/(/«//) 
flattens out as is indicated by the dotted cur\’e v)f Fig. 42-2. 

From the above it becomes clear why the squirrel cage in the pole 
structure of the synchronous machine is called a lampcr or amortisseur 
winding. 

It should be mentioned that when an induction motor is subjected to 
oscillations of its speed, i.e., to hunting, it also develops a synchronizing 
and damping torciue. (See reference on A-C Machines at end of text.) 

* Notioe that in Fig. 42-1 the phasor Ef is shown without a ruinuH sign (h(‘(^ Fig. 37-2). This 
is done in order tliat a single phasor diagram may he used for Iwith gerwu’ator and motor op(»ra- 
tion, in whieli the phasor V is cofnmon t4) both tyjK^s of operation. Since* V is a g(5nt*rMt(t(l voltage 
in the case of a generator and an impressed voltage in tla* case of a motor, the j)hasors repre¬ 
senting V' are opposite in sign. Therefore, when V is repre.sented hy a single phasor for Inith 
motor and generator, the sign of —E/ must be reversed for motor action. 
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LOSSES IN SYNCHIIONOUS MACHINES 
HEATINC AND COOLING 


43-1. The losses in the synchronous machine. Similar to tliose in tlio 
(l-(* macliiiH', l()ss('s in tlie synchronous machine are as follows: 

(a) //o.s.sT.s dtiv U) the vuiin Jinx. Imh- the sain(‘ reasons as given for th(‘ 
(1-c niachin(‘ (Arl. 10-1) and (he induction motor (Art. 34-1), the hys- 
((‘resis and (‘ddy-current loss(‘s due to tlu' main flux are larger tlian those 
calculal(‘d from Im|. KKa or from iron-loss curve's (given at end of text), 
d'he incr(‘as(‘ may he as high as 40 to 00% for salient-pole ma(*hiues, 30 
to 40^'^', for 4-pol(‘ machiiK's with cylindrical rotor, and 15 to 25% for 
2-pol(' macliiiK's witli cylindric'al rotor. 

dust as in the d-c macliine, tlu' ripple due to (lie slot-openings of tlie 
stator (s(*(' t'ig. 10 1) causes liigh-frc'epiencv eddy currents in tlie pole 
surface. The* loss(*s prodiard liy th(‘se eddy currents in per cent of the 
losses diu' to th(' main (lux are approximately: 50 to 70% in salient-pole 
mavliines, 40 to 50^'^' in 4-j)ole ma(*hines with cylindrical rotor, and 25 to 
5(K-( in 2-pole machines with cylindrical rotor. 

Similar to tlu* induction motor, the ripple produced by tlie slot openings 
causes currc'nts not only in the iron lint also in th(‘ damjier winding of 
tlu' sali(Mit-pole machine, ddu' currents induced in the damper bars and 
tlu'ir losses become considc'rabU', if the slot pitch of the cage is much 
(litTeriMit from the stator slot jiitch. A ditTereiuv of up to 25% in the slot 
pitches keeps the loss(*s at a low level. The tosses are negligilile when liolh 
slot pitches are eijual to each other. K(|ual slot pitches can lie made in 
salient-pole generators but not in motors, because this would produce 
locking tor(]ues which may prevent starting of the motor. 

(b) Losses due to the load enrrent. The load current produces PR losses 
in the stator winding and usually increases the PR losses of the field 
winding due to armature reai'tion. 'bhe additional losses due to the load 
current are similar to those of the iiuluction motor. 
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The cross-flux in tlie slois produces skin-eiTcu't \vhi(*h may increase the 
copper loss eonsiderably. Condiu'tors stranded depthwise or special 
conductors (Roehel bai’s) must be used in lar^e macliiiu's, in order to 
reduce the skin-effect losses. An increase of 15 to 20% in the PR losses 
due to skin-cffe(*t is leasonabk'. 

■].villa: t;> 1. No-LOAi) Lossrs 

Iron losses in Polo surfaoo Popper losses Win<la,u;c aiul 

the stator due losses due to in the daiu])er hi'arinj; frie- 

to tlie main ^ slot o|>eninjis. I winding due to tio?i losses, 

flux. j slot openin<!;s. 

Cylindrical Iron losses in : Kotor surface 

rotor machines, the stator due | losses due to 

' to the main slot openings, 

flux. 


Windage and 
heariog fric¬ 
tion losses. 


Sal lent-pole 
inaclunes. 


Tlie liOrviorric fluxes produced ))y the slat or windinti; j)rodu(*(' surfac(> 
los.^es in tli(‘ I’otor, in the same way as the ri;)pl(‘ due to tin* slot ()])(‘ning;s. 
In tlie salient-pole rnacliiiK' th(‘s(‘ losst's appi'ar on tli(‘ jioli^ surfac(‘s; in 
the cylindric'al rotor machine, on the surface of tli(‘ solid rotor. Because of 
the relatively larg;e g;ap of the synchronous machin(‘, tlx^se los.ses are 
usually small, about 0.05 to 0.15%, of tin* outjiut. 


TAHI.i: -13 2 . LOAD l/>ssl':s 


Salieut-i)()l(‘ 

i ^ 

1 /t losses ill 1 

Skin-effect 

' Pole surfac(‘ 

Loss(‘s in 

machines. 

1 stator and ro- 

losses in the 

losses due to 

structural 


1 tor windings. 

st ator winding. , 

harmonic 

fluxes. 

))arts du(^ to 
h‘akag(‘ fluxes. 

Cylindrical ro¬ 

r~r losses in 

Skin-eff(‘ct 

Kotor surfac(‘ 

Losses in 

tor machines 

; stator and ro- ' 

losses in the 

los."^(‘s due to 

structural 


j tor windings. ! 

stator winding. 

harmonic 

fluxi's. 

part s du(; to 
htakage fluxes. 


As in large induction motors, th(^ leohnge fluxes of the end-windings 
produce eddy-current losses in the structural parts ((*nd plat(‘s, fing(‘r 
plates, bolts, etc.). The use of non-inagnetic iron for the end platc's and 
rotor retaining rings reiluccs these* losses. 

fc) Frieiion and ivindage htsses. With respect to the friction and 
windage losses, the .same reasoning appli(‘s as for the d-c machiru* and 
induction motor. The windage losses are (piite high in 2-pole generators 
with cylindrical rotor, Tlie use of hydrogen instead of air as a cooling 
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medium reduces the windage losses to about 10% of those which appear 
with air. 

(d) No-load and load losses; stray load losses. The losses which appear 
at no-load and at load, respectively, are shown in Tables 43-1 and 43-2. 
The additional losses due to the load (items 2, 3, and 4 of Table 43-2) 
are called stray load losses. 

(e) Example of loss distribution and efficiency. In the following tabula¬ 
tion is shown the lo.ss distrilmtion of a salient-pole generator. 

875 kv’a, 24 poles, 60 cycles, cos tp = 0.80 
3 phase, 300 rpm, 2300 volts 


Stator winding PR . 13,500 watts 

Rotor winding PR . 9,000 

Stray load loss. 4,000 

Iron loss (total). 12,000 

Rearing friction and windage loss. 2,500 


41,000 watts 

Output = 875 X 0.8 = 700 kw 

Efficiency = 100 = 94.5% 

700 + 41 

43-2, Heating and cooling of the synchronous machine. With respect to 
classes of insulation, limiting temperatures, heat conductivity, and heat 
transfer, the same considerations apply as in the d-c machine and in¬ 
duction motor. As in the d-c machine and induction motor, radial vents 
are used for cooling the stator of the salient-pole macdiine. Cylindrical 
rotor machines are usually long, and the problem of air flow requires 
very special attention. 


PROBLEMS 

1. A 500-kva, 4-pole, 3-phase, 60-cvcle, cos <p = O.S lagging, 120/208-volt, salient- 
pole generator has 72 slots, 2 conductors per slot, and each conductor consisting of 16 
parallel strands. The hare dimensions of the strand are 0.081 in. X 0.162 in. The mean 
length of a turn is 80 in. At 208 volts the winding is connected 4-parallel star. The field 
current at fvdl-load is 27.2 amp, and the held resistance at 75®C is 4.55 ohms. The 
friction and windage loss is 4.1 kw, the total iron losses 6.2 kw and the stray load loss 
1.5 kw. Determine the etliciency of this generator. Determine the current density of the 
stator winding. 

2. An lS75“kva, G-pole, 3-phase, 60-cycle, cos <p == 0.8 lagging, 2400/4160-volt, 
salient-pole generator has 72 slots and S turns per coil. At 4160 volts the winding is 
CODDected 2-parallel star. The current density in the stator winding is 1835 amp per 
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sq in. The mean length of a turn is 90 in. and the winding is 2-layer. The leakage 
reactance of the stator is 0.096 (in i)-u, unit current = rated current). Tlie no-load 
characteristic is given by: 

If (amp) - 20 30 43 51 60 66 87 100 IIS 

Ef (volts) = 1600 2400 3200 3600 4000 4160 4600 4800 5000 

The field current necessary to produce rated armature current with a shortr-circuited 
armature is 74 amp. The resistance of the field winding is 0.643 ohm. Tlie friction and 
windage loss is 12.5 kw. The total iron loss is 17 kw; and the stray load loss, 9.6 kw. 
Determine the field current at full-load and the efficiency at full-load. 

3. Determine, for the generator of Problem 2, the field current and efficiency at 
I load, cos ip ~ 0.8 lagging, assuming that the iron loss remains tlie same as at full¬ 
load and that the stray load loss changes with the squa.T of the armature current. 

4. Determine, for the generator of Problem 2, the field current and efficiency at 
\ load, cos ip = 0.8 lagging, assuming that the iron loss remains the same as at full¬ 
load and that the stray load loss changes with the sciuare vi the armature current. 
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THE SYNCimONOTJS CONVERTER. VOLTAGE AND 
CURRENT RELAIIONS. COPPER LOSSES COMPARED 
Wn il TliOSi: OF IIIE D-C MACHINE 


44“K Operation of the synchronous converter. It has been pointed out 
in Art. 3~1 that the d-e nuiehiiu^ is nothing- more than an a-e machine 
with a special (levic(‘, th(‘ eoinmiitator, which makes it possible to pick 
up (for p;enerat()r operation) a fixed instantaneous value of voltapie from 
th(‘ winding. It follows, th(‘refore, tliat the d-c armature winding must 
also be able to ojicratc' as an a-c winding. 

B(*(*ause of the connection witli the commutator, the d-c armature' 
winding must Ix' a (dosed winding Art. 3-1). It is represented scii(‘- 
matically in Fig. 44-1 wliich shows a 2-pole machine with a closed winding 
wound on a ring. The end of (*ach turn (('iid (jf each winding element) is 
conn(H*t(Hl to the beginning of the next following turn, and tlie connection 
point is comu'cti'd to a commutator bar as in the actual d-c machine. 
Furthermore, thiee eciuidistant points of the winding, i.e., tliiee points 
shifted 120 eU'ctrical di'grei's from one anotlier, are connected to thiee 
slip rings. If such an armature is driven by a prime mover, it is al)le to 
supply d-c and a-c power simultaneously. The a-(* power is 3-pliase 
corresponding io the three slip rings. In multipole machines each lira 
cotisccative arttiaiare paths must lie divid('d into thive equal parts, in 
order to make the winding 3-phase; a/2 points of the winding are then 
connected to each slip ring, i.e., each phase of tlie 3-pliase winding consists 
of (7 '2 parallel paths {a = numlier of d-c paths in the winding, s(*o 
Art. 3-3). 

If the winding in Fig. 44-1 is (‘oiinected to two slip rings, single-phase 
a-c power will be obtained. The tap points must be displaced 180 electrical 
degrees in this case; thus in a ()-phase converter, as an example, the tap 
points must be displaced 00 electrical degrees, and so forth. In all cases, 
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eaoli phase consists of a 2 parallel paths. A G-pole, 3-phase n)tar>' (*on- 
verter is sliowii in Fig. 44-2. 

It has i)een pointed out that a machine with an armature, as shown 
in Fig. 44-1, is able to operate as an a-(‘ generator-d-c gcaierator (double¬ 
current generator). Also, it is capalde of operation as an a-c motor-d-c 
generator or as an a-c generator-d-c motor. In the formei’ case this 
machine type is called a sijnchro- 
nous converter; in the latter {*ase 
it is called an inverted converter. 

Flic normal operation is tliat as a 
syiu‘hronous converter, i.e., the 

machine operates as an a-c motor- ^ ' i 

(I-C ^('Iioriilor. 

Siiic(‘t lie poles of the converter V ^ 

an' excited with d-c, its Junda- ///^^ I ^ ^ 

tnentol (diaracter must be the / \ .--L \ 

same* as that of a.synchi*onousma- i ~ 

chine. For a constant frequency / —- LI -3 — 

tlie sp(-ed is constant, independ- \v^’ * >/7 

(Mit of the load, and given liy the / I 

faniiliar equat ion y / ! r, 

\ () r, A r. r. 

.. _ 120/ 


(44-1) 




V ( ' I, 


Apparently, the rotor must ro- I 

tate against, its rotating flux, in 
Older that the latter be at stand¬ 
still with respect to the mmf of * 

the poles. It should be remem- j 

bered that this is the condition , rr i o i i 

Ficj. 44-1. Two-polo, S-priMscByncnronouB con- 

for the existence of a uniform verier (aclHMnatie repninenttition). 

torque (see Art. 24-1). 

The synchronous converter operates as a synchronous motor on the 
a-c side and as a d-c generator on the d-c side. The direct curnait in tlie 
armature, therefore, produces a torque which opposes the motion of the' 
rotor, i.e., the dri\'ing torcjiie produced by th(* alternating current (see 
Fig. 7-1). .Just as in the synchronous motor (see Fig. 38-G), the alter¬ 
nating ernf phasor falls liehind the phasor wliich represents the line volt¬ 
age, and the armature takes an active current from the line of sufficient 
magnitude to balance the opposing torque of the direct current and the 
rotational loss torepae. This latter torque is comparatively small. Since 
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(Ik* mmf of the direct current and the mmf of the active alternating 
current both have their amplitudes (axes) in the interpolar space (see 
J‘'igs. 4-5 and 38-4), and correspond one to generator operation, the other 
(o motor operation, they oppose and cancel each other (see Figs. 7-1 
and 7-2), i.e., the synchronous converter has no cross-flvx. 



Fio. 412 3-phase mhronous converter 150 kw, 275 volts, 1200 rpm. 


Just as in a synchronous motor, the alternating current and voltage of 
a svnehionous converter are in phabc for some one value of excitation. 
If the field cm rent is increased above this \alue, the machine is overexcited 
and draw s a U ading current from the line because a leading current opposes 
the field mmf in a synchronous motor (see Arts. 37~1). If the field current 
is decreased, the machine is underexcited and draws a lagging current 
from the line because a lagging current supports the field mmf in a 
svnehionous motor. For reasons discussed in the following, the excitation 
of tlie synchronous converter normally is adjusted so that the voltage 
and cm lent arc in-phase. 

Since the direct current of a synchronous converter is taken from the 
same winding to wliich the alternating current is supplied, a fixed ratio 
i'xists between the d-c and a-c voltages, as w’^ell as between the d-c and 
a-c currents. 
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44-2. Voltage and current ratios in the synchronous converter. In order 
to determine the ratio between the d-c and a-e voltages of a synehronous 
converter, it will first be assumed that the machine operates at no-load 
and is so excited that it draws no reactive current from the line. There¬ 
fore, there is no armature reaction and the main flux, produced only 
by the d-c field mmf, induces a fixed emf in the 
armature winding. 

It was shown in Art. 3-4 that, when the 
brushes are in the neutral axis, the amplitude 
of the emf induced in the armature winding is 
picked up at the brushes. If a sinusoidal flux 
distribution is assumed, the ratio of the 
effective value of the emf to the maximum 
value is 1/V2; therefore, in a single-phase con¬ 
verter, the ratio of the alternating emf 
(effective value) to the direct emf E^-c is 
1 /V^. In a multi-phase converter, with the 
same armature winding operating at the same 
speed, the value of the d-c emf does not change, but the effective value of 
the a-c emf per phase (Au-c) is less than E^.^jy /2 and eciual to the chord sul>- 
tending an angle of 2ir/m radians in a circle having a diameter 
(Fig. 44-3); m is the number of phases. Consequently, for an ?n-pliase 
converter, 



Fig. 44-3. Doterminaiion of 
d-c and a-c voltage ratio for 
the polyphase converter. 


Ed-c . IT 
fia-c = -7=- Sin -- 

V2 w* 


(44-2) 


Tills expression and those developed in the following also apply to the 
single-phase converter if m is taken as 2. 

The emf transformation ratio for single-, 3-, and 6-phase converters, 
therefore, is 

E E d-c 


.Single-phase = 0.707 
.3-phase = 0.612 
6-phase = 0.354 

At no-load the terminal voltages are practically equal to the emf’s 
induced in the winding. Therefore, at no-load the transformation ratio 
of the emf’s is the same as the ratio of the terminal voltages at the slip 
rings and at the brushes. Since the voltage drop in the armature winding 
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of a converter is small, the emf ratio also applies approximately to the 
terminal voltages under load, so that 


y,.,. 1 . TT 

sin — 

Td-. V2 


(44-3) 


Tlie a-(" voltage available from I1 k‘ supply lines does not usuall}’ cone- 
spond to the d-e \'oltage (l(*sire(l al th(‘ brushes. Therefore, the synchio 
nous eonvert(‘r usually j(‘(]uir(\s a transformer between the line and slip 
rings in order to transform tlie line voltage' to the proi)er value. Figs. 
IS 10 to 18-12 iru'lusivc' show thr('(‘ single-phase' transformers with three' 
dilTei'eait tyf)e\s <jf conneu*t ions which may be used for O-phase synchronous 
eonvertea\s. 

The^ taj)pe‘(l armature winding of a synchroneius ce)nverter behaves as a 
closed eir nu'sli peilypliase^ wineling. The' line \ eiltage is ee|ual to the phase 
voltage, and the slip-i’ing current is 2 sin {r/rn) times tlie pliase current. 
If /a.,! the^ terminal direct e'urrent, the^ alternating eairrent per 
phase, anel (he losse's are^ disre'gareleel, then the el-c power eiutput is equal 
to the a-e power input: 

Wi-rld-v ^ wFu-r/a-c C‘OS ^ (44-4) 


From tliis eejuation and I'ap 4-13 the ratio of ])hase current to d-c current 
bee'omes 


^ V2 _ I 

/ ,1-c . TT COS 

m sin — 

IN 


(44-5) 


The ratio of slip-ring e*urrent to direct current, therefore, is: 

Ir 2V2 


I 


il-C 


IN COS if 


(44-0) 


liquations 44-5 and 44-G assume no losses whatever in the converter; 
they yield hir a valiu' of cos v? = 1 the following talile of current ratios: 


X Hinhtr of pfiim s 

J u-c,. /d-c 

Ir/U. 

1 

0.707 

1.414 

•> 

0.545 

0.943 

0 

0.472 

0.472 


In a 3-phase converter the active component of the slip-ring current is 
approximately equal to the direct current, wliile in a 6-phase converter 
it is equal to about one-half the direct current. 
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44-3. The copper losses in the synchronous converter. The sui)er- 
position of direct (TUTCiit and alternating^ current in tlie armature con¬ 
ductors leads to peculiar results in the copper losses. 

Consider Fi^ 2 ;. 44-1. h]ach pliase co\'ers 120 (‘lectrical d('j*:rees (in ^ijeneral 
2w/tn ele(‘trical degrees). The position of phase I is assumed such that 
the mid-point 0 of the phase coincides with the mid-point of the interpolar 



Fkj. •11-4. ( iirrcuts in the -M n. ('nrrcntH in lli« 

winding (‘l(Miicnl, midway he- winding clcnicnl nt tlu; taj) 

tween taps. point. 


spac(‘, l.e., whh the brusli axis. In this position 1]i(‘ sum of I lie flux lines 
linking phase 1 is rnaxinuun, and th(‘ emf induced in this phase is, th(‘r('- 
fore, zero. It will he furtliei’ assumed (hat iiiduc(‘d (uiif and current art' 
in pliase; tlierefore the ciirnail is also zero in jihast' 1. 

Consider the winding (‘IcuK'nt O, lying midway l>('lw(‘(‘n the taps. 
The alternating current in this element, as w(‘ll as in the otlier winding 
elements within phase I, is zero. Since the mid-(‘l(*m(‘nt 0 lies directly 
under the lirusli, tlie diretd current is lieing (*()ninuitated. Tims, for this 
element 0, the direct and alternating currents go tlirough z(‘ro at the 
same instant. Fig. 44-4 shows the illative* positions of the d-c and a-<^ 
waves for this winding ('l(*m(*nt as a function of time. The nvsultant 
eurrenl, wliich is the diffei’caice bet ween tlie direct current and alternating 
curr(‘nt, is also sliown in Fig. 44-4. 

Winding el(‘meMt a at tlie tap point, wliicli is ilisplaced 00'' from the 
mid-idement in tlie dii-ection of rotation, earries, at the liriie vvlien com¬ 
mutation takes place in mid-element O, (exactly tlie sairu* altxuTiating 
current as the mid-element but a different direct current, since commuta¬ 
tion lias taken place (\(f earlier. The ndative positions of tlu* two eurrent 
waves for th(‘ lap element a is shown in Fig. 44- 5. The resultant current, 
which is again the difference between the direct and alternating currents, 
has an entirely different shape than that of the mid-(‘lement 0, 

The copper losses in each winding element are determined by the 
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resuUanl current in the element. Therefore, the copper losses are different 
in the individual coils. The losses are least in the winding element mid¬ 
way lietween tap points of a phase and greatest at the tap points. 

The axis of abscissa in Fig. 44-6 represents the series order of the 
winding elements of one phase of a 3-phase converter between tap points, 
and the axis of ordinates represents the copper losses in the individual 

elements produced by the resultant cur¬ 
rents. The heating effect in a winding 
element at the tap point is 5.4 times as 
great as the heating effect in the mid¬ 
element. The mean value of the losses 
for the entire phase, as found by plan- 
imeter measurement, is given by the dis- 
tan(;e hs from the axis of abscissa to the 
straight line a. The distance from the 
axis of abscissa to the straight line b 
represents the losses that would be produced by the direct current alone. 
Conse(]uently is the ratio of the copper losses of the machine oper¬ 
ating as a 3-phase converter to the copper losses of the same machine 
operating as a d-c generator. This ratio is equal to 0.56. 

44-4. Comparison with the d-c machine. It is seen in Fig. 44-6 that the 
copper losses of a 3-phase converter are much less than those of a d-c 
machine of tlie same dimensions and rating. It is shown in the following 
that the G-phasc; and 12-phase converters are still more favorable with 
respect to losses t han the 3-phase converter. 

P’ig. 44-() refers to cos <p = 1 operation. When the synchronous con¬ 
verter is overexcited or underexcited, it carries a reactive current which 
increases the copper losses. The following table shows the ratio (r) of the 
current losses in the synchronous converter to the corresponding losses 
in a d-c machine of t he same dimensions and rating for various power 


factors on tlic a-c side. 





So. of phases 

1 

3 

6 

12 

cos = 1.00 

(r) « 1.38 

0.56 

0.27 

0.21 

0.90 

1.85 

0.84 

0.48 

0.40 

O.HO 

2.51 

1.23 

0.77 

0.67 

0.70 

3.4G 

1.80 

1.19 

1.06 



The copper losses of a converter become less as the number of phases is 
increased. P’urt.hermore, they are least when the excitation is adjusted 
to give unity power factor on the a-c side. 
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Since the current losses are proportional to the square of the current, 
a sj'nchronous converter, assuming equal armature copper losses as a 
basis, may deliver a direct current output Vl/r times greater than the 
output of a d-c machine of the same dimensions. Therefore, the nmgnitude 
y/Yir gives the ratio of the power output of a converter to that of a d~c 
machine of equal dimensions. This ratio is shown in the following table: 


Iho. of phases 

1 

r 

3 

6 

12 

cos ip = 1.00 

Jl . 0.S5 

1.33 

1.93 

2.20 

0.90 

^ * 

0.73 

1.09 

1.4G 

] .58 

0.80 

0.G3 

0.90 

1.14 

1.22 

0.70 

t /•I 

0.54 

i 1 

0.74 

0.91 

0.97 

• 11 • - 1 


For an>' number of pliases the converter output increases rapidly witli 
an increasing value of cos ip. 


Tlie 12-phase synchronous converter has little advantage over the 
6-phase converter; it is quite long since it reciuires 12 slip rings. For this 
reason it is customary to design convert(‘rs G-phase. In small converters, 
up t o 250 kw, the saving in material and t he increased efficiency produced 
by a larger numl)er of phases is not so important, and 3-phase design is 
employed. 


PROBLEMS 

1. A G-phase synchronous converter deli vers 625 volts d-c to a traction sysUun. 
Determine: (a) the diametrical voltage of the armature; (h) the voltage between 
adjacent slip rings; (c) and the voltage between alternate slip rings. 

2. If a converter delivers 350 kw at 025 volts d-c determine the ap[)roximate slip¬ 
ring current, assuming the a-c sui)i)ly to be: (a) single-i>hase; (b) 3-phase; (c) G-phase. 
Assume an ofliciencv of 94.5% and unity power factor. 

3 . A 250-kw, 230-volt, 3-pha.se, synchronous converter receives power from a 
13,200-volt, 3-pliase, 60-cycle power system. The transformer bank supiilying the* con¬ 
verter is connected A-Y and has an efTiciency of 98%. The full load efliciency of the 
converter is 93%. Determine for unity power factor: (a) d-c output current of con¬ 
verter; (b) sli}>-ring current; (c) voltage, current, and kva ratings of transformer 
secondaries; (d) power input, current, and voltage of transformer primaries when the 
converter is delivering rated output. Neglect voltage drops in convertier and trans¬ 
formers, and transformer magnetizing current. 

4 . Repeat Problem 3 hir the same machine operated G-phase wdth the transformer 
bank connected A-diametrical. 

5 . Re|>eat Problem 3 ff)r the same machine operated G-phase wdth the transformer 
bank connected A-double A. 

6. Re|)eat Problem 3 for a p<iwer factor of 0.90 leading. The converter efficiency is 
now 92% and the transformer efficiency 97.5%. 

7. If the machine of Problem 3 is ojjerated 6-phase, 0.90 power factor leading, with 



D-C AND A-C MACHINES 


Hi 

II A-double A bank supplying the i)o\ver, determine: (a) slip-ring current; (b) voltagp. 
current, and kva ratings of transformer secondaries. Assume converter efficiency 92^ , 
and transformer efficiency 97.5%. 

8. A 2r)00-k\v, 25-cyclc, oOO-rprn, 230-volt, G-jiliaso synchronous converter supf)li( > 
a 3-wire d-c system. Tlie transformer bank su|)plying tlie converter is A-double 
(neutrals connected) and receives jiower from a 27,()00-volt, 3-phase system. The full- 
load converter efficiency is 95^/7 and the full-load transfoiiner elficiiuicy 98. oS’i,. Tor 
unity power factor determine: (a) d-c output current; (1)) sliivring current; (c) dia¬ 
metrical slii>-ring voltage; (d) adjacent slij)-ring voltage; (e) slip-ring to neutral volt¬ 
age; (f) transformer primary ciirr(*nt; (g) line current from 27,00()-volt systi lu. 

9. Three identical single-pha.se transformers supply a 500-k\v, 12r)-volt synchronous 
converter. Th(‘ convert(‘r is 3-j>hase, 25-cycl(*, and r(‘ceiv(^s })o\v('r from a 27,000-v()lt, 
3-})hase distribution system, with the transff)rmer bank connected A-Y. If the con¬ 
verter oiKuates at a jxnver factor of 0.95 lagging and an efficiency of 0.91, determine 
the transformer voltag**, current, and kva rating. If tlie transformer leactance drop is 
5% and th(^ conviuter drops ntv. n(‘glected, d(‘t(‘rmine the d-c output voltage at full¬ 
load, unity p.f. and ahso 0.90 p.f. leading. 

10. Thn^e single-jihase transfornuas connected Y-diametrical suiiply a 0-phas(», 
200-kw, 025-volt railway synchronous converter from a 13,2()()-volt, 3-phas(* liiu'. 
1 )et(‘rmine: voltage, curixait, and kva ratings of tla^ transforimas when the converter 
delivers full-load at 0.95 p.f. leading and an efficiency of 0.93. What is the ratio of 
transformation of the transfornuas? 

11. A 1000-kw, 230-volt, ()-plia.se, 25-cycle synchronous coinaa’tei’ supplies a 3-wire 
d-c systmn. Power is rec(*ived from a 13,200-volt, 3-phase system. Write sjx'cificalions 
for three single-phase transformers you might order, assuming primaric's (‘omaaded in 
A; (b) primaric's eonm'cted in Y. (Jive the reasons for your selection and show con¬ 
nection diagram. 

12. Two single-phase transformers connecU'd in open delt;\ sup))ly a 250-kw, 230- 
volt, 3-i)hase synchronous converter from an 1100-volt, 3-])hase line. Neglecting loss(‘s 
and assuming operation at unity j).!., wi\at are the voltage, cunxait, and kva ratings of 
tl»e transformers necessary? At what ]>.f. tlo the transformers o])erate? 

13. A 250-kw, 23()-volt, 0-j)hase .synchronous converUa- receives power from an 
1 lOO-volt, 3-])hase line by means of two transformers connected in T-double T. Specify 
voltage, current, and kva ratings of the transformers necesi^ary when operating at full¬ 
load, unity p.f. At what p.f. do the transformers oiierate? Neglect losses. Show diagram 
of connections. 

14. If the converter of Problem 13 receives power from a 1100-volt, 2-phase line, 
specify the complete transformer ratings, neglecting losses and assuming rated output 
at unity i).f. Show diagram of ct)nnections. 

15. Sketch the wave form of the current in a conductor located 15 electrical degrees 
from a tap }X)int of a 3-pha.se synchronous converter hir (a) unity ji.f., (b) 0.90 ii.f. 
luKKii'g- 

16. Rc])eat Problem 15 for a 0-phase synehronoiis converter. 

17. If the 250-kw, 230-volt, 3-pha.se converter of IholilcMii 13 receives its jx)\ver 
from the lUXbvolt, 3-ph.ase line by means of autotransformers, specify the tran.s- 
formers necessary. Clive voltages, tap points, and show connection <liagrani. 

18. Specify tlie voltages of the autotransforinei-s necessai}’ to supply a 250-kw, 
230-volt, (Wphaae synchronous converter from an 1100-volt, 3-phase, 3-wire supply 
systeim Show eonnection diagram. 



Chapter 45 


COMMUTATION OF THE SYNCIIUONOUS CONVERTER. 
VOi;r\GE REGULATION. STAR ITNG. PAHALLEL 

OPERATION. 


45-1. Commutation of the synchronous converter. As in a d-c pjonoraior, 
tli(‘ converter needs interpoles for th(* jiurpose of improving tlie eoinmii- 
tation (see Art. 8-3). However, tlu‘re is a (lifTereiu*e between th(‘ (l-(^ 
machine and the converter: the latter has no cross-flux (flux in the neutral 
axis, see Art. 44-1). As a (*onse(juence, tlu' mmf reijuired on the interpoles 
of a coinerter is much l(‘ss tlian that ne(*essarv for a d-c maehine of the 
same ratin^': because of the absem^e of a cross-flux, tlie interpoh's must 
jiroduce mainly th(‘ counter-emf ecjual to the emf of s(‘lf- and mutual- 
induction in the sliort-circuiled winding ekunent, plus the volta^t' drop 
in the I>rush contact surface' (see Art. S-3). In tli(' d-c machine tJie inter¬ 
poles need an additional mmf to suppress the* armature cross-flux, which 
mmf is eciual to the entire' armature' mmf. 

The absenec of a cross-flux in the synclironeius conve'iter is elue to tlie 
fact that the' mmf of the direct current and the* mmf of the^ active com¬ 
ponent of the alternating eurrent e-anecl e*ach othe*r (se*e Art. 44-1). Since 
the*re is no mnif in the eiuadrature axis, a e*ompe*nsating vvineling (s(?e 
Art. 4 3) is iinticccssary in the reitary converte'r. This inherent cane^clla- 
tion of tlie d-c cross flux is of advantage with respect to the^ interpoleLs. 
However, the alisence of the e-ompeaisating winding is a disadvantage 
unde.'r transient conditions, such as change of fre(}U(mcy, sudden short 
circuit on the a-c side*, or sudde'iily applied d-c load. In these eases the 
armature flux is not compensated, and high coil voltages and ring fire may 
appear, leading to possible damage of the commutator, brushes, and 
lirusli holders. 

45-2. Voltage regulation of the converter. Since the ratio of direct and 

alternating voltages of a converter is fixed, any change in the direct 

4!5 
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voltage requires a change in the slip-ring voltage. If the field current of a 
converter is clianged, only the reactive component of its current is 
materially changed; the effect of a change in the field current on the d-c 
voltage is insignificant. The reactive current may change the d-c voltage 
slightly by changing the voltage drop in the transformer to which the 
converter is connected; in itself, this voltage drop is very small. Different 
means can be employed in order to adjust the slip-ring voltage: taps on 
the primary side of the transformer; a synchronous generator booster 
which is connected in series with the converter; an induction regulator 
(see Art. 30“/5) tlie secondary winding of which is connected in series with 
the converter. The generator booster and tlie induction regulator permit a 
continuous regulat ion of the d-c voltage, which cannot be obtained with 
taps on the transformer. Also, a choke coil on the a-c side of the converter, 
in connection with variation of the field current, permits voltage regula¬ 
tion on the d-c side. However, in this case the converter carries reactive 
current which increases the copper losses. 

45-3. Starting and parallel operation of converters. Starting of a con¬ 
verter can be accomplished on either the a-c or the d-c side. Since the 
converter behaves as a synchronous motor on the a-c side, it is not 
capal)le of starting by itself. It must be equipped, just as the synchro¬ 
nous motor, with a sciuirrel-cage winding (damper winding) to enable 
it to start as a squirrel-cage induction motor. In order to keep the starting 
current low, a reduced voltage of about | to | the rated voltage is im¬ 
pressed across the slip rings during the starting period. For this reason 
the secondary of tlie main transformer is suitably tapped to give this 
reduced voltage. When the converter is brought up to near synchronous 
speed as an induction motor, it will pull into step as a reluctance motor 
because of the salient poles (see Art. 39~1), and full voltage can be applied 
after it has been excited with direct current. 

Just as in tlie conventional synchronous motor (Art. 40-4), care must 
be taken with the synchronous converter to see that the field winding is 
not punctured by high induced voltages at start. In order to avoid break¬ 
down, the field winding is short-circuited across the armature at start 
or broken into several groups; in the latter case the correct connection 
must be made when the machine has reached synchronous speed. 

If a direct-current source is available, the converter can be started from 
the d-c side in the same manner as a shunt motor. After reaching its rated 
speed, it is then synchronized with the alternating-current supply. The 
converter is started from the d-c side wherever this is possible. Very large 
converters are also started by means of special starting motors. 
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If several converters operate in parallel with each other, each converter 
normally has its own transformer. If several converters are supplied from 
a common transformer, then the armature winclings of the machines are 
connected in parallel on botli the a-c and the d-c sides. If, in this case, the 
brush-contact resistances of the machines are not equal, the direct current 
may enter tlie negative brushes of a machine and then, instead of leaving 
its positive brushes, follow a path through the armature, out the slip 
ring, over the bus-bars on the a-c side, and out the positive brushes of 
another machine. The brushes of this latter converter are t!\en decidedly 
overloaded and sparking at the commutator results. 

If a converter operates in parallel with d-c generators or with a bank of 
batteries, then any sudden additional load will l)e taken in the greater 
part l)y tlie converter bcc'aiise of its low ^'()ltage drop (in the armature 
winding and in the transformer). In order to obtain a uniform distribu¬ 
tion of the load among all machines operating in parallel, and also the 
battery, under certain circumstances it is necessary to in(a*(‘ase the voltage 
drop in the converter by using a small dillerentially connected series 
winding and a choke coil on the a-c side. 

The distribution of load among rotary converters operating in paralkd 
can be varied by changing their d-c voltages, using the means descril)ed 
in Art. 45-2. 

As has been mentioned, a synchronous converter can also l)e us(‘d to 
transform from d-c to a-c {inverted converter), Ilowtiver, c(a’t aiii difficulties 
arise here which are not present when the synchi-onous converter trans¬ 
forms from a-c to d-c. The inverted converter operates t*ith(‘r as a shunt 
or compound motor, and therefore its a-c fre(pu‘ncy depends upon its 
d-c excitation. Consider the inverted converter loaded with an inductive 
load: an increase of the inductive current weakens the field of the con¬ 
verter (see Art. 37-1) and increases its speed and frequency. The increase 
of frequency increases the inductive reactance of the load and thus the 
lag angle of tlie current. This further reduces the field and increases the 
speed. The action is cumulative, and for this reason the inverted con¬ 
verter has to be provided with a speed-limiting device. Also, tlie normal 
rotary converter has to be provided with such a device when the pos.si- 
bility of inverted operation exists, as for example, in the case of a short 
circuit on the a-c line of a converter operating in parallel with a storage 
battery. 

45-4. Comparison with the motor-generator set. A motor-generator set 
can be used to convert alternating current to direct current or direct cur¬ 
rent to alternating current. The motor of the a-c to d-c set can be either an 
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induotioii motor or a synchronous motor. The disadvantage of the motor- 
generator set in comparison with the synchronous converter is its ](ju 
overall efficiency. In a motor-generator set the entire transformed energy 
is first transformed into mechanical energy by tlie motor, and then into 
electrical energy by the generator; in a converter the transformation is 
accomplished in the same armature, the winding of which carries only the 
difference of the two currents. The losses in the motor-generator set are, 
therefore, much larger than those in the synchronous converter. 

The motor-generator set and the rotary converter have both been 
superseded by the mercury-arc rectifier and are now used only in specinl 
applications, such as speed regulating sets. An example of this application 
is the Ward-Leonard speed regulating system shown in Fig. 7-12. 



Chapter 46 


THE D-C ARMATURE IN AN ALTERNATING 
MAGNETIC FIV:LD 


In tho (l-c macliine and in the synchronous convcrtcM* I lie d-c arinatvire 
rotates in a, magnetic field tlnit do(‘S not vary with linu* and that does not 
move. In contrast, in a-c commuiator motors a d-c armature^ rotates in a 
magnetic fiidd tliat either variics with tinu* (single-phase (‘ommutator 
inotoi-), or rotates (pol^'pliase commuiator motor). A seri(‘s of new 
phenomena, tlierefore, is introduced which do not appear in t he case of a 
d-(* armature rotating in a constant stationary magiudic field, ddie 
iiehavior of a d-c armature in an alternating field will lie considered in this 
(diapter. 

46-1. The emf of rotation and the emf of transformation in the armature 
winding. It was shown in the tn^atment of the d-c macliine that the 
magnetic [ixis of the d-c armature is detcTinined liy the position of the 
hruslies on the commutator (see Art. 4-“3). The same holds true for the 
d-c armature in an alternating field. However, in each armature path of 
the d-c machine, the magnitude and direction of tlie currents arc (con¬ 
stant, and tlie I’esulling armature flux, therefore, is constant; in the single- 
Iihase commutator motor, on the other liand, the current in each armature 
path varies with time, since' the brushes carry alternating current, and as 
a result, the aiauature flux also varies with time: the arnialiirc flux of a 
siNglc-phase commutaior motor is an alternating flux tlie axis of which is 
determined by the position of the brushes on the commutator. 

In the single-phase commutator motor the field (pole) winding is 
either a concentrated winding, similar to tfiat in the d-c machine, or a 
distritmted winding as in the single-phase induction machine; it produces 
an alternating flux. For tlie sake of simplicity the field winding is shown 
as a concentrated winding in all the figures that follow. 

(a) The emf of rotation in the armature winding. Fig. 46-1 represents 

419 
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schenialically the field winding and the armature winding of a single- 
phase (commutator motor. The brush axis is perpendicular to the axis of 
the pole-flux, and the armature rotates in the alternating flux produced 
l)y the field winding. The emf induced in the armature as a result of rota¬ 
tion and appearing at the brushes is, as in the case of the d-c machine, 

proportional to the rpm of the arm¬ 
ature. However, since the flux is 
alternating, it is not a direct emf but 
an alternating emf, and its frequency 
is independent of the rpm of the arma¬ 
ture and always equal to the frequency 
of the field current (the frequency of 
the line). This is easily understood 
from the following consideration: 
Brush Axis The flux of a d-c machine is un- 
’ \’arying with time and, as a result of 
rotation, a direct emf is induced in 
the armature the magnitude of 
which is proportional to the rpm of 
the armature. If the flux of a d-c 
machine were to pulsate, then an 
alternating emf would appear be¬ 
tween the brushes on the commu¬ 
tator; the frequency of tliis emf 

hr,. 4(>-l Emf of rotation in a d-c arma^ Would Correspond to the frequency 
ture vvmuiuK due to an alternating flux. , /• i n i • 

BrushcH in the neutral. f pulsations of the flux, but itS 

magnitude would be proportional to 
the speed of the armature and independent of the frequency of the flux 
pulsations. From t he same consideration it follows that the emf produced 
by rotation in an alternating flux is in phase with the flux: the emf is zero 
when the flux is zero and a maximum when the flux is a maximum. 

(b) The transformer emf in the armature winding. In addition to the emf 
of rotation a second emf is induced in the armature winding by trans¬ 
former action with the main flux. Since the pole-flux linking the individual 
armature winding elements is an alternating flux, it induces emf^s in them 
just as the primary winding of a transformer induces emf^s in the turns 
of the secondary winding; these emf’s are entirely independent of the speed. 
In Fig. 4(>~2 the direction of the transformer emFs is shown for a certain 
instant of time. The emf’s in the turns to the left of the axis of the field 
winding and the eniFs in the turns to the right of the axis of the field 
winding have opposite directions with respect to one another, exactly the 
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same as do the emf^s of rotation witli respect to the brusli axis in Fig. 4 ()-l. 
These transformer emf\s cannot produce internal (circulating) currents 
in the armature winding, bi'cause, with respe(*t to the closed circuit of the 
armature winding, the emf^s in both halves of the winding cancel one 
another. Furthermore tlie transformer emf’s are ineffective with respect 
to the brushes lying in the axis per¬ 
pendicular to the field winding _ | _^ 

(brushes aa, Fig. 46-2), because 

the}^ cancel one another within the —- 

upper half as well as within the _o 

lower half of the armature winding; • 

therefore the transformer cmf’s pro- 

duce no current in the armature ^ 

winding if these lirushes (aa) are A / 

joined together. However, it is dif- Ta \‘' ) 

ferent if brushes are placed on tlie, 1 ! . 7 / ^ 

commutator along the field axis 

(brushes jff, Fig. 46-2). Between 

these brushes the transformer emf’s T A 

add in both halves of the winding, « 

and current would flow between ^ 

these brushes if they were joined 2 

together. E 

Thus, the emf of rotation and the - 11 

transformer ernf both have the same t,„,, win.iing due t.. a.i alt,creating flux, 
frequency. However, while the ernf 

of rotation is in phase with th(‘ pole-flux produeiiiK it, and its magnitude 
depends upon the rpm of the armature, (he (ninsfornutr (unf is rlispliiet'd 
in phase 90° behind the flux producing it, as in every transformer, and 
its magnitude is independent of (he rpm of ( he armtiture. 

If the brushes are shifted so that the angle between the brush axis and 
the field axis, a, is ^ 90° (Fig. 40-3), then, as in the d-c machine, the 
emf of rotation is less than in (lie ca.se when a = 90°; it is proportion,al 
to sin a. Furthermore, in this ea-se a transformer ernf appears tetween 
the brushes which is proportional (o cos a. This can be seen without 
further disexussion if the flux is divided into t wo components, one of which, 
4> sin a, is perpendicular (o ( he brush axis, and the other, <I> cos a, is 
parallel to the brush axis (Fig. 40-3). 


Fig. ir» 2. Tnmsforint^r emf in a tJ-c, iirnm/- 
ture winding due U) an alt.ernat.ing flux. 


46-2. The torque of the single-phase commutator motor. The compensat¬ 
ing winding. By means of Fig. 40-2 and the fundamental law of the force 
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on a conductor in a magnetic field (see Art. 1-4), it is evident that the 
currents produced in the armature by the transformer emf’s and flowing 
through the l)rushes ff produce no torque in conjunction with the polo- 
flux: in the left lialf as well as in the right half of the armature the torque 
proiluced by the coils lying in the upper lialf of the armature oppose the 

torcpie produccnl by the coils lying in the lower 
lialf of the armature. It is quite different, howe\ er, 
witli t he current s produced by the rotational einf’s 
(Fig. 46-1): these currents and the pole-flux pro¬ 
duce the useful torcpie. In the first case, where 
the armature currents are produced by trans¬ 
former action, tlie axis of the armature flux co¬ 
incides with the axis of tlie pole-flux. In the second 
case, wliere the armature currents are produciMl 
l)y rotation, the axis of the armature flux makes 
an angle of 90° with t he axis of t he pole-flux: the 
greaU'si torque appears if the brush axis {axis of the 
armature flux) and the field axis make an angle of 
0(f mith each other (as is usually tlie case in the 
d-c machine). 

The eciuation derived for the tor(]ue of a d-c 
machiiK' (see Eq. 3-9) may also be employed here 
if the instantaiK'ous values of brush current and flux are inserted. If the 
pliase shift lietween t he brush curnait and tlie flux is \h and if the average 
value of the tor(|ue o\er a period of the current is derived, the result is 

T = 0.1174 <l>^fZ/ cos ^ X 10--» Ib-ft (4G-1) 

a 

wliere I and are efTective values. If the brush axis makes an angle 
tt (Fig. 46-3) with tlie main field axis, then tins quantity has to be 
miiltiplied by sin a, since only the component <t> sin a of the flux is effective 
in producing torque. If, as usual, the maximum value of the flux is 
introduced, the general expression for the average value of the torque is 
obtained as 

r = 0.1174 ZT CO.S ^ .sin a X lO"** Ib-ft (4G-2) 

a V-J 

TIk* torepu' of the single-phase commutator motor is not constant but 
wiries between a minimum and a maximum value (see Art. 1^). Dis¬ 
regarding the factors cos ^ and sin a, the average value of the torque of 


o 

O 

O t 


cos ct 
/1 sin a 





Fki. 4(1 3. Kinf of rota¬ 
tion and 1 ransforincr cnif in 
a d-c armature winding duo 
to an altormiting flux. 
linisiK's not in tlio neutral. 
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the single-phase commutator motor is less, in tlie ratio of 1: than tlie 

constant torque of a d-c machine with tlie same (lux and tlie same arma¬ 
ture copper losses as in the single-phase commutator motor. If tlie flux and 
current are not in phase or if the angle hetwetai the hrush axis and tlie 
field (pole) axis is not equal to W (4 9 ^ 0, ^ tK)^), tlien, in (omparison 

with the d-c machine, tlie torcjue is still less. 

The compensating winding, Tlie pole-flux induces transformer emf's 
in the armature winding; yet, a transformer <vmf appears at the hruslu's 
only when the brushes are not placed on the ]X'rj)endi(‘ular to th(' axis 
of the field, i.(‘., are not placed in the lUMitral axis. If lh(‘ b?-uslj(‘s are on a 
perpendicular to the fi(4d axis, tlie transfornu'r ('inf Ix'l w('(*n tla'iii is ecjual 
to zero, l)e(‘aiise the emf’s of the individual coils in ('ach armature piith 
mutually cancel one another. IIow(‘ver, the polt'-fliix links not only the 
armature winding but also the field winding; it indncc's a voltage of s('lf- 
indiictionin this winding, the frecjuency of which ‘s^‘(]ual to the frecjiKaKy 
of the line, and a part of the terminal voltage must b(‘ consunu'd in order 
to overcome this voltage of scdf-induction. This compoiu'iit of the terminal 
voltage leads the field current by 1)0°. 

The armature flux lias the same effect on tlu^ armatur(' winding as the 
field flux has on the field winding. As describc'd, th(‘ armatun' flux is an 
alternating flux the axis of which coincid(\s with the brush axis. Sinc(‘ the 
armature winding behaves magnetically as a solenoid, the axis of which 
coiiK'ides with the l)rush axis (see Art. 4-3), the armature flux induci's 
an (‘inf of self-induction in the armature winding by transfoniKT action, 
and a component of the terminal voltage again must Ix* used to ovc'rcome 
this induced emf. 

The emf’s of self-induction in the field winding and in the armafore 
winding introduce a phase shift betwcxai the ti'rminal voltages jind the 
current and would make the phase displacement of the single-pliase 
commutator motor extraordinarily large if sp(.‘cial means were not, em¬ 
ployed in order to avoid tliis effect. As in the d-c machine, the armature 
flux performs no part in the transfer of energy and may be nullified h(?re 
just as in the d-c machine (see Art. 4-3); in conseciiKaice of this faett, 
Uic single-phase commutator motor is, as a rule, supplied with a compensating 
winding (see Art. 47-1). By means of this winding the armature flux is 
reduced to a small residue, the leakage fluxes, so that the emf of self- 
induction of the armature is small and equal to the emf induced in tlie 
armature winding by its leakage fluxes only. On tlie other hand, the 
voltage of self-induction in the field winding cannot be avoided, for this 
is produced by the main flux which creates the effective torque; this flux 
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cannot be eliminated or reduced. In order to diminish the emf of self- 
induction in the field winding of a single-phase series motor, the number 
of turns of the field winding is made as small as possible. 

Similarly, as in the d-c machine, the compensating winding is made as a 
distributed winding and placed in slots in the stator. Its magnetic axis 
must coincide with the axis of the armature winding, i.e., the brush axis. 
Since the armature flux is albirnating, it is not necessary to connect tlie 
compensating winding in series with the armature winding so that it will 
(•arry the armature curnait, as in the case of a d-c machine. The compen¬ 
sating winding will suppress the armature field if it is simply sliort- 
cir(aiited on itself, for, with respect to tlie armature winding as the primary 
winding, it acts as the short-circuited secondary of a transformer. 

46-3. The transformer emf of a short-circuited winding element and the 
commutating fluxes in the single-phase commutator motor. If com¬ 
mutation pla}\s an essential role in the d-c machine and affects its per¬ 
formance, then tliis same prol)lem enters to an even greater measure in the 
a-c commutator motor, because commutation takes place under much 
more unfavoral)le (conditions than in the d-c machine: it is the transformer 
emf in the short-circuited winding element which makes the commutation 
worse in comparison to that of tlie d-c machine. It is evident from Fig. 
46-1 that, during the time a winding element is short-circuited by the 
brush, the element lies in a plane that is perpendicular to the field (pole) 
axis, and in (conse(]uence of this it is linked by the pole-flux. Thus a 
transformer voltage results of tlie magnitude (see Eq. 12-12) 

Ct = 4.44/A\<l>10“® volt (46-3) 

where AA is the number of turns per winding element. The emf Ci induced 
in the short-circuited winding element thereby" is independent of whetlier 
the armature rotat es or is at rest and appears at start as well as during the 
running of the machine. While in the d-c machine, with the brushes 
located in the neutral axis, the pole-flux has no effect on the short- 
circuited winding element, in this case the effect of the pole-flux is 
present constantly in the form of a transformer emf in the short-circuited 
element. 

The armature flux has no effect on the short-circuited winding element 
because it is canceled by tlie compensating winding. Besides the trans¬ 
former emf Ct, the short-circuited element is influenced by the resistance 
of the short-circuit patli and the emf of self-induction, which is the result 
of the change in the current during the movement of the coil from one 
armature path to another (see Art. 8-2). Since the armature carries an 
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alternating current, the reversal of current in the sliort-circuited element 
can take place at any instantaneous value of the current, llie greatest 
ernf of self-induction appears if commutat ion takes place at t he maximum 
value of the current. If commutation takes place at- the moment when the 
instantaneous value of the current is zero, (hen the enif of self-induction 
also is zero. Since maximum x alue of enif of self-induction occurs at the 
instant of maximum value of current, and zero value of emf of self- 
induction occurs at the instant of zero value of current, it follows that the 
emf of self-inductm^^ in the shori-circuitcd winding element is in phase with 
the alternating current. 

While the t,i-ansformer emf in the short-cir(‘uited winding element 
depends upon tlie pole-flux and the line frequency, and lags OO' l)eliind 
the pole-flux, the emf of self-induction in tlie sliort-(*ircuited winding 
element depends upon the current and the speed of the armature and is 
in phase with tlu‘ curnmt. The fact that the two (‘inf’s ai)p(‘aring in the 
short-circuited element of a singl(‘-pliase commutator machine have 
different phase angles with ivspect to the (Uirrent, and also depemd upon 
different quantities, makes im])rovement of commutation in the singlo 
phase commutator machine rather difncult-. 

The caiK'ellation of tlie emf of s(‘lf-induction in the short-circniited 
winding element can he accomplished hy m(‘ans of interpoles in the same 
manner as in tlie d-c machine (Art. 8~3), i.e., hy the rotation of the short- 
circaiited element in a commutating flux. The strengtli of th(‘ commutating 
flux must be proportional to th(^ current since the emf of self-induction 
c., is proportional to the current. It has Ix'en found that the emf induced 
hy rotation in an alternating flux is in phase \\ith th(‘ alternating flux. 
Therefore, the phase of the (*ommutating flux must Ix^ ()i)posite to that of 
the current; then the emf induced hy rotation in this flux will he exactly 
opposite to c«. Fig. 4G-4a shows the phasor diagram of the armature cur¬ 
rent / and the commutating flux <!>,« necessary to cancel the emf of self- 
induction C 5 . The voltage is in phase with /, and t he flux produces, 
hy rotation, a voltage in the short-circuited winding element wliich is 
equal and opposite to c*. To produce the coirunutating flux the arma¬ 
ture current has to be employed just as in the d-c machine; thus, the 
commutating pole winding has to carry the armature current. 

It is quite different, however, with the transformer emf in the short- 
circuited winding element. In Fig. 46-4h is the field flux and Ct the 
transformer emf inducted in the short-circuited element, lagging 90 
behind the field-flux. Ct cannot be canceled by the transformer effect of a 
commutating flux, for this flux would have to l)e displaced in phase 180^ 
from the field flux, and tliis would weaken the main flux. If is to be 
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canceled, this must be accomplislied hy rotation in a commutating flux 
and this commutating flux must be 90° ahead of the main flux, as shown 
in Fig. 40-41). For the cancellation of the transformer emf e, in the short- 
circuited winding element a commutating flux 4>,, of a different phase and 
also of a different magnitude is necessary than that required for the can¬ 
cellation of the emf of self-induction c,, because Ci is proportional to the 

♦ / 


♦ 


e. 


-e. 



(O) 

Fid. 4() -t. FiinfH in Hhort-circuiUMl winding; element and the nccesKary commutatin^ fliixen. 

field-flux iind to tlio lino fro(|uonov wliile r, is proportional to tho ourront 
and to t he speed of t he armature. The manner of producing both of these 
commutating fluxes is an important (*onsideration in the design of single- 
I)hase commutator maclunes. Both emf\s in the short-circuited winding 
element, v, and c,, usually are displaced nearly 90^^ from each other so 
that the resultant induced emf in the short-circuited path of the single¬ 
phase commutator motor is approximate!}^ equal to 

Cr = (46-4) 

As will be shown, Cr completely canceled by the two commutating 
fluxes only for a fixed load. For other loads a certain residue remains. 
Experience shows that for good commutation, i.e., for satisfactory opera¬ 
tion of the commutator, this remainder must not exceed 3 volts. This 
also sets a limit for c,. Since the magnitude of the transformer emf Ct is 
independent of the armature si>eed and, on the other hand, since this 
voltage (*an be canceled onh' by rotation in a commutating field, it cannot 
be canceled at low speeds; consequently, at standstill the transformer emf 
produces its full effect. Thus, wliile starting, there is no means of avoiding 
the undesiralile effect of the transformer emf in the short-circuited wind- 
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ing element, and it must be small (less tlian 3 volts), unless r(\sistanee is 
inserted between the winding elements and the eommutator bars in 
order to reduce the current in the short-circuited patli and the current 
density under the brush (see Art. S~l). 

From Eq. 46-3 it follows tliat C/ can be diminished if th(' line fretjuency 
and tlie field-flux are made small. This is the r('ason ^vhy, in the case of 
single-phase traction motors, a frequency of ‘io eps (UVj cps in Europ(') 
is selected, and why in a-c commutator motors the pol(‘-(lux must b<‘ 
kept low in relation to that of other machines. The low fi(4(^ flux causes a 
low voltage per winding elem(‘nt. In consequence of this, tlh commutator 
of the a-c commutator macliine is designed only for low voltage (al)out 
100 volts at 50 to 60 cps, 300 volts at 25 cps, and 500 volts at I 63 cps). 
AVliere the line voltage is higher than these valu(‘s a transfornua* is neces¬ 
sary between the line and the armature. 

The limit of 3 volts for the residual voltage in tiie short-eircaiited coil 
is deterniHied by the conta(*t resistance between commutatoi' bars and 
brushes. The greater this contact resistanc(‘, the smalha* tht‘ current in 
the short-circuited path. Only hard brush(\s with a high c()nta(*t re¬ 
sistance are us(‘d for a-c cominulator motors; for th(*se brushes a residual 
voltage of 3 volts is permissible. 

PROBLEMS 

1 . A 4-pole (1-c armature rotates in a sinusoidally distributed Mlternaiin^ flux the 
maximum value of whi(!h is l.f) X HV’ maxwells. The armature' spc^c'd is 1200 rpm. 
Determine the rotational emf: (a) when the Inushes aie in the neutral; (b) when tfie 
brushes arc in the pole axis. The number of turns j>er |)atli is SO. 

2. Determine, for the armature of IToblem 1, the transfornu'r emf indueed between 
the brushes: (a) when the bruslies aie in the neutral; (1.)) when the In’ushes are in th(* 
pole axis. The frequency (»f the fi(*ld current is 25 cycles. 

3. Determine, for the armature of Ihoblcm 1, the averaji:e toi*(|ue ])rofluced if th(‘ 
winding is lap wound, the brushes are in the neutral, and the arnudure cuinmt is 20 
am|). The phase aim;le between armature current and flux is 20"". 

4. Determine the ampere-conductors of the compensating winding: fnr the armature 
of Problem 1 if the armature winding is lap wound and the armature cun ent is 20 amij. 
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THE SINGLE-PHASE SERIES COMMUTATOR MOTOR 


47-1. The voltage diagram of the single-phase series commutator motor. 

Tlie diagram of connections of the single-phase series motor is shown in 
Fig. 47~1; A is the armature, FW the field winding, CW tne compensating 
winding, and I W tlie interpoki winding. The brush axis is perpendicular 
to the field axis, and the axes of the compensating and interpole windings 
coincide with the Iniish axis. The connection of the armature, interpole, 
and compensating windings must- be arranged in such a manner that tlu^ 
mmf’s of tlie compensating and the interpole windings act in opposition 
to the armature mmf (see Ai*ts. 4-3, 8-3, 40-2). Since the brusli axis is 
perpendiiailar to the fi(‘ld (pohO axis, only an ernf of rotation is induced 
in the armature winding by tlie pole-flux between the brushes, but no 
transformer emf whate\’er. The compensating winding nullifies tlie mmf 
of the armature winding. The field winding FW as well as the inter¬ 
pole winding / IT is designed as a concentrated winding in a manner similar 
to the d-c machine. 

KirchhofT’s mesh eciuation for the circuit of Fig. 47-1 is 

V-yiL-r =Ii:'’ + E, (47-1) 

TJie meaning of and 1*^ explained below. Er is in pliase witli I{^)^ 
as is /2^r, and is placed together with /^r. 

The voltiige diagram corresponding to the connections of Fig. 47-1 can 
be esbiblished easily. All four windings carry the same current 7. Tlie 
pole-flux is prodiic(*d by, and is in phase with, the current 7 (Fig. 47-2). 
Accordingly, the emf of rotation in the armature winding Er is in phase 
with 7. If represents the sum of the resistances of the four windings 
and Y^ A\q leakage reactances of armature and compensating 

winding plus the reactances of the field and interpole winding, then, 
according to Kirchhoff’s mesli equation, the impressed voltage V is equal 
to the geometric sum of the voltage drops lYr ^ii^d lY^ and the emf of 
rotation in the armature winding Er. The iron losses in the stator are 
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fonsiclered as an PR loss and are included in I^r. On the other hand, the 
iron losses of the rotor are for the greatest part of a mechanical nature 
similar to the windage and friction losses (see Art. 34-1) and are con¬ 
sidered as a mechanical power loss. I'lie reactance t)f the field winding 
constitutes the greatest part of tlie sum X-f- 47-2 the emf of rota¬ 

tion Er, which is in phase with and 7, is drawn for three liilTcrent sjM’eds. 
At (ionstant current I this emf of rotation Er is a mt'asure of the developed 




Fig. 47-1. Schematic diagram of the 
coiiiiections of a single-phaae Beries com¬ 
mutator motor. 


Fig. 47- 2. Voltage dia¬ 
gram of the Bingle-phase 
BcritiH comimitator motor. 


mechanical power of the rotor (see Art. 1-^): as such, it behaves as a 
dissipative resistance and is in pliase witli /X^r. The niecJianical power 
delivered at the shaft is less than the product Erl I)y the amount of the 
rotational iron losses in the rotor plus the windage and friction losses. 

As Fig. 47“2 shows, the phase displacement angle of the single¬ 
phase series motor decreases with decreasing further, it decreases 

considerably with increasing rpni, because with incrcjasing rpm Er 
increases in comparison to IJ^x, For high speeds the power factor ap¬ 
proaches a value cos ip = 0.95. 

Analogous to the circle diagram of the induction motor, a circle dia¬ 
gram for the current (at constant voltage) can also lie derived for the 
single-phase commutator motor. However, this (!ir(ie diagram is not of 
great value becau.se the single-phase series motor, in contrast to the 
induction motor which operates over the normal working region wdth an 
almost constant flux, has a varying flux, i.e., a varying saturation of the 
path of the main flux and, therefore, a varying field winding reactance; 
tins factor cannot be taken into consideration in tlie circle diagram. 


47-2. Commutation of the single-phase series commutator motor. The 

phasor diagram of fluxes and emf’s for the short-circuited winding 
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element is obtained by superposition of Figs. 46-4a and 46Hlb where it 
has to be noted that 4> is in pliase with /. Fig. 47-3 shows this diagram. 
Tlie resulting emf Cr in the short-circuited element lags the current by 



a fix(^d angle. The generation of tlie oppo¬ 
sitely direct ed emf — Cr is to be accomplished 
l)y means of the resulting commutating flux 
and the task of the interpole winding is 
to furnish this flux. The interpoles cannot be 
excited by the armature current directly, for 
the resulting interpole flux and the arma¬ 
ture current / are not in phase. The interpole 
winding must b(i excited by a current which 
lags the armature current 1 by the same 
angle by which Cr lags 1. This will occur if a 


Fia. 47 3. Phasor dia^^rjiin of 
the einf’p in tlie 8hort--circuiU‘(l 
wiruliiiii; element and of the com¬ 
mutating; fluxes. 


resistance R is connected in parallel witli the 
interpole winding as Fig. 47-4 shows. If V, 
is the voltage common to the interpole wind¬ 


ing and the resistance R (Fig. 47-5), then 


the current /,, which flows in the interpole winding, lags behind Tb 


by about 90®, because the resistance of this winding is small in relation 



to its reactance; on the other 
hand, the current //?, wliich 
flows in the resistance R, is in 
phase witli V Since the geo¬ 
metric sum of li and lu must 
be equal to the armature cur¬ 
rent 7, the interpole current 



Fkj 47'4. Ilcsistam-c in parallel with the interpole Tin. 47- 5. Current dia^^ram 

winding for producing the commutating fluxes ac- for interpole winding and nv 

c.u-ding t o Fig. 47 -3. sislance of Fig 47—i. 


li is caused, by the parallel resistance 7?, to lag behind the armature 
current, and it can therefore produce the necessary resulting commutating 
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flux 4^. It should be remembered (see Art. 40-3) that (he arrangement for 
improving the eommutation sliown in Fig. 47-4 is effective only within a 
certain range of motor speed; it is not effective at low speeds. 


47-3. Torque and characteristic curves of the single-phase series com¬ 
mutator motor. Since tlie flux in the single-pliase sta les motor is in phase 
with the armature curreiit, and ihe brush axis makes an angle of IW 
with the field axis, tlie torciiu', in accordance with Vai. 40-2. is 

T = — - L cvZI X 10“" Ib-ft (47-2) 

V 2 

Speed control in the single-pliase senies motor is accomplished 1 ;n' voltiujr 
conirol. ]"or a givtai toniue (given armature (‘urrivit) tli(' counter-emf 
{Er in Fig. 47-2) increases as the voltage inert*; s^ s and, therefore, the 



Torque 


Ei(i. 47-6. Speod-torque characteristics and torqu(*-currcnt characteristic of the single- 

phase series motor. 


speed increases with increasing voltage. For the purpose of speed control 
the transformer secondary is tapped, and the speed (control is accom¬ 
plished economically. 

The relation bfdweeii torque and current, as well as that between 
torque and speed for various voltages, is sliovvn in Fig. 47-G. Rated values 
of torque, speed, etc., are taken as 1(K)%. Tlie general tnaid of the current 
as well as of tlie speed curve is the same as that in a d-c series motor. 
The greater the voltage, the greater will be the speed for the same torque. 
The line current for a given torque is independent of the magnitude of the 
voltage. In order to develop rated torque at start, 45 to 50% of the rated 
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voltage is necessary. For satisfactory commutation the speed range of the 
single-phase series motor is between 20 and 150% of rated speed. 

47-4. The tiniversal motor. The A.S.A. definition of a universal motor is 
as follows: 

A universal motor is a series-wound or a compensated series-wound 
motor whicli may be opiTated either on direct current or single-phase 
alternating (rurrent at approximately the same speed and output. These 
conditions must be met when the direct-current and alternating-current 
voltages are approximately the same and the frequency of the alternating 
current is not greater than 60 cps. 

As can be seen from this definition, there are two types of universal 
motors: the non-compensated and the compensated. The non-com- 
pensated motor has salient poles just as the d-c machine; the compensatecJ 
motor has slotted stator punehings, such as the traction motor described 
in Art. 47-1. 

The universal motor is a fractional-horsepower motor and is usually 
designed for speeds of 3500 rpm or less, but also up to 10,000 or 15,000 
rpm. The no-load speed may be as high as 20,000 rpm. The non-com¬ 
pensated motor is less expensive than the compensated motor, but its 
operating characteristics are not as good as those of the compensated 
motor. For the application of universal motors see Art. 50-3. 

PROBLEMS 

1. The sum of the resistances of the field winding, eom])ensating winding, armature 
winding, and interpole winding of a 25-cycle, single-phase series motor is 1.5 ohms. 
The sum of the reactances of these windings is 4.5 ohms. At a current of 5 amp the flux 
]:)er pole is 475 X 10’’ maxwells. Determine the speed of the motor, if the number of 
jK)les is 4, the number of turns per path is 00, and the terminal voltage is 120 volts. Use 
Ixp 3-6 with 7 j = 2aA" and remember that the brushes pick up the amplitude of the 
a-c voltage. 

2. Determine the terminal voltage necessary to reduce the speed of the mdtor of 
Problem 1: (a) by 20%; (b) by 30%. Torque remains the same as in Problem 1. 

3 . Determine the terminal vc)ltage nece.ssary to increase the speed of the motor of 
Problem 1; (a) by 20^/^; (b) by 30%. Torque remains the same as in Problem 1. 

4 . Determine the torcpie of the motor of Problem 1 if the w'inding is lap wound. 
The brushes are in the neutral. 

5. A 2-|K)le, 25-cycle, single-phase series mot-or has a total field resistance of 0.80 
ohm and each pole has 150 turns. A field current of 10.0 amp produces a voltage across 
the field of 60 volts. Determine the reactance of the field in ohms and the pole flux. 
Neglect leiikagc. 

6 . The armature of the 25-cycle motor in Problem 5 is wound with winding elements 
having 8 turns. What is the maximum flux permitted to link a winding element if 
the maximum rms v(»ltuge between commutator bars is limited to 3 volts. 

7. If the power input to the machine of Problem 1 is 500 watts when cos ^ = 0.85 and 
the terminal voltage is 71 volts, determine the emf of rotation. 
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48-1. The voltage diagram of the repulsion motor. The circuit of the 
repulsion motor is sliowii in Fig. 48-1. The stator w inding (field windirije 
FW and compensating winding ('IF in series) is connected to the line 
nnd is completeh^ detached electrically from the armature winding; the 
armature is short-circuited on itself by the hi-iishes. Since* the commutator 
is not included in the circuit containing the 
stator winding, the latter may he designed for 
any voltage desired. 

The comi)ensating winding CIFand the arm¬ 
ature const it ate a irfinsforimr; by this means 
the load current which is necessary to producer 
the torque is transferred from the lini's to the 
armature. The compensating winding, there- CW 

fore, can be designated as the statoi' torque vwwyr 

Winding. 1 lie torque is produced by the arma¬ 
ture current and main flux; the brush axis is 
perpendicular to the field (pole) axis, exactly 
as in the series motor. The cross-flux in the load 
(horizontal) axis cannot produce torque with 

the armature currents, because its axis coincides with tlie brush axis, i.e., 
because with respect to this flux the current distrilaition in the armature 
is such that the torques of the individual coils mutually cancel themselves 
(see Art. 46-2). 

At start the repulsion motor behaves exactly as the series motor. At 
start, in both motors, the voltage impressed across the terminals is 
consumed essentially by the field winding, because of its high reactance. 
At start the compensating winding and the armature winding require 
only a small part of the total voltage, namely, the short-circuit voltage 
of their leakage reactances and resistances, since the fluxes produced by 
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Firj. 48-1. Schcmalip connec¬ 
tion (liaicrarn of tho repuiHion 
motor. 
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these windings cancel each other. The armature current is displaced 
practically 180® behind the pole-flux, which is produced by a current of 
the sanu^ phase as the current in the torcjuc winding (winding CII'J; 
therefore, the conditions for developing a high starting torque are just 
as favorable as in tlui series motor. 

When running, an ernf is iruluced in the armature by the pole-flux as 
well as by the cross-flux. The pole-flux produces an emf of rotation Er 

in the armature which is in phase 
with this flux and tlie field current, 
and consequently with the current 
in tlie tor(|ue winding (winding 
currents are always 
c(|ual. The armature current, pro¬ 
duced l)y transformer action with 
the tor(|ue winding, Ls displaced in 
phase nearly 180® from the field cur¬ 
rent, so that the emf Er of rotation 
and the current transferred by trans- 
^ former action are likewise displaced 
* in phase nearly ISO® from one all¬ 
ot lu'r. Tlie emf of i*otation Er conse- 
(|uently acts on the transformer 
consisting of tlie torcpie winding 
(wiiuling CW) and the armature as 
the counicr-voltage of an ohmic resist- 
ancr: when running, the transformer 
appears non-inductively loaded, 
and the terminal voltage at the 
primary of tlie transformer, i.e., at 
the torque winding, must rise by an 

F.O. 4S-2. Flux an.lvoltaK 0 diagram of the corresponding to the emf 

repulsion motor. Er] therefore, when running, a volt¬ 

age, in phase with the current, ap¬ 
pears at the terminals of tlie torque winding TIT, in addition to the short- 
circuit voltage which appears at standstill. Since this voltage at the torque 
winding can be produced by transformer action only, its app(^arance is 
possible if a cross-Jlux (<I»<^) is developed in the torque axis which is displaced in 
phase 90° relative to this voltage. Thus two fluxes, the pole-flux and the cross¬ 
flux, are to he considered. 

Fig. 48-2 shows the voltage diagram of the repulsion motor. The stator 
current /j and the pole-flux 4> are dra\\m upward along the vertical. 
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The armature emf of rotation Er in phase with The geometric sum 
of Er and tlie emf E^t induced in the armature by the transformer action 
of the cross-flux must be etjual to the resistance and reactance voltage 
drops in the armature winding and The cross-flux is produced 
in tlie torque winding l)y a magnetizing current Consequently, tlu' 
stator current /i is e(|ual to the geometric sum of —/o and The stator 
\'oltage T" must be large enough to overcome the transfornu'r emf of tlu^ 
compensating winding and ])esides provide for the resistance and re¬ 
actance voltage drops of the field and compensating windings /i(^/ + Tc) 
and I\{xf “1“ 5*r). 

The armature field is canceled in tlie repulsion motor in the same 
manner as in tlie series motor (Fig. 47 1). It is necessary to distinguish 
b(4w(‘en tiie armature flux and tlie cross-flux 4v. for the armature flux 
is in pliase with tlu* current Ij wliile tlu‘ cross-flux is di.qilaced in phase 
aliout 90° from the current /o. consists of only the leakage reactan(‘e 
of the armature winding. Correspondingly x, consists of only the leakage 
reactance of tiie compc'iisating winding; on the other liand, X/includes 
tlie complete self-inductance of th(‘ ti(‘ld winding, as in the series motor. 

As was mentioned pr(‘\iousIy, the cross-flux whicli takes no part, 
in the production of tonjue, is absolutely essential for the transfer of 
pow(‘r from tlie stator to the rotor. Idie pole-flux <I> and tlie cross-flux 
4V/ are displaced exactly 90° from each other in space phase and almost. 
90° in time phase. This results in a rotating flux. The specul of this rotating 
flux is 

120 /* 
n, = - — 

V 

if /, as in the disiaissions pr(‘ceding, is the line frec|uency. Tims the re¬ 
pulsion motor at standstill lias an alternating flux and develops a rotating 
flux during running. 

48-2. Commutation of the repulsion motor. The rei)ulsion motor has no 
interpoles for improvcunent of (*ommutation. At standstill tlie transformer 
emf appears in the short-circuited winding element, just as in the single¬ 
phase series motoi', and the current of the short-circuit path is limited liy 
the contact resistanct^ lietween brush and commutator liars. The fact that 
the repulsion motor develops a rotating flux while running is of impor¬ 
tance for its commutation during running: it is evident that, when the 
short-circuited winding element has the same speed as the rotating flux, no 
voltage is induced in it b}^ tlie rotating flux. Thus, at synchronous speed 
of tlie rotor, no transformer emf appears in the short-circuited winding 
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element. The influence of the transformer emf on commutation is largest 
at standstill; it decreases as the motor speed increases; it becomes zero 
at the synchronous speed of the motor, and increases again as the speed 
becomes larger than the synchronous speed. Consequently, the repulsion 
motor is best operated near synchronous speed. 


48 - 3 . Characteristic curves of the repulsion motor. Since the ratio of the 
field current to the armature current is fixed as a result of the series 
connection of the field and torque windings, the repulsion motor has the 
characteristic of a scries motor. 



Fig. 48 -3. Actual 
winding arrange¬ 
ment of the repul¬ 
sion motor. 


Fig. 48-4. Starting torque 
of the repulsion motor as a 
function of the brush angle. 


Fig. 48-3 shows the field and compensating windings of Fig. 48-1 
combined into a single winding. The connections of Figs. 48-1 and 48-3 
are entirely equivalent to one another. This becomes evident if the stator 
winding of Fig. 48-3 is assumed divided into two parts, one of which has 
its axis in the direction of the lirush axis and the other perpendicular to 
the brush axis. Fig. 48-3 represents the actual coil arrangement of the 
repulsion motor. By means of a brush displacement the stator w'inding can 
l)e distributed in any manner selected into a field and a compensating 
winding; in this manner the speed and the torque of the motor can he varied, 
since a variation of the number of field turns gives rise to a variation in 
the flux (4>) which produces the torque. 

The two extreme brush positions are found when the brush axis is 
perpendicular to the axis of the stator winding (a = 0°), and when the 
brush axis coincides with the axis of the stator winding (a = 90°). In 
the first case (a = 0°) the armature current and torque of the motor are 
zero: this position is the zero position of the brushes. In the second case 
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(a = 90°) the motor behaves as a short-circuited transformer: this 
position is the shf)rt-nrcmt position of the brushes. Here, in spite of the 
very large current in l)oth windings, the torque is zero because the torque- 
producing pole-dux is missing. Because of the large currenls which can 
damage the windings, the motor should not be connected to the line with 
tlie brushes in this position. 

At start the brushes are placed first at the zero position and then 
moved in one direction or the other. The direction of rotation of the rotor 
may l)e determined by the following considerations: if a .short-circuited 
and movable coil is placed in the alternating field produced by a fixed 
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I'lG. 48 5. Spood-toniue cliarafteri.stic and 
U>rqu(M*iirrent chararteristic of the repulsion 
motor, for a fixed brush position. 


Fia. 48 fi. SjM^tul-tonjuo characteristics 
<»f tlie repulsion motor for various brush 
positions. 


coil, th(! mo\'able coil .seeks to adjust itself with the shortest travel so that 
the flux passing through it becomes a minimum; its axis attempts to take 
a position perpendicular to the axis of the field. Accordingly, the armature 
shown in Fig. 48-3, which may be taken as a short-circuited solenoid 
with the same axis as the brush axis, wall try, by rotation, to bring its 
axis (the brush axis) to the right (clockwise) and along the horizontal. 
Since the l)rushes are immovable and the armature itself can move under 
the brushes, (he armature itself will turn to the right (clockwise) and 
continue to rotate tecause the current distribution in the armature 
remains unchanged due to the fixed position of the brushes. In Fig. 48-3 
the brushes are displaced by an angle a from the zero position in a counter- 
clockw'ise direction and the re.sulting rotation of the armature is clock¬ 
wise. If the brushes are shifted from the zero position in a clockwise 
direction, the armature rotates coimterclockwise; i.e., the direction of 
rotation of the armature is always opposite to the displacement of the brushes 
from the zero position,. In order to reverse the direction of rotation of a 
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repulsion motor it is necessary only to place its brushes in an opposiu 
position with respect to the zero position. 

Fig. 48-4 shows the starting torque of the repulsion motor as a function 
of the brush position, a. The maximum torque is obtained at a brush 
shift of about 75° to 80°. Starting is accomplished by shifting the brushes 
far enough from the zero position and against the dc.sired direction of 
rotation until the magnitude of the motor torque exceeds the opposing 
torque of the load; the motor then runs and carries the load. 

At rated load the brush shift depends upon the construction of the 
motor and is 07° to 77°. The relation lietween torque, speed, stator 
current, and power factor at the brush position for rated output is shown 
in Fig. 48-5. As in Fig. 47-0 all (|uantities arc given as a percentage of 
their value at rated load. The sjieed torque-characteristic of the repul¬ 
sion motor folhnvs the same general trend as that of the series motor. 
I'lg. 48-0 shows the relation betwix'ii torque and speed for various brush 
positions, «. This figure is similar to Fig. 47-0 wliieh .shows the speed of 
the series motor as a function of the tor(|ue for various voltages. The 
various voltages in Fig. 47-() (.speed control Iry \'ariation of voltage) 
correspond to the various brush positions in Fig. 48-() (.speed control by 
change in the field). 



Chapter 49 


THE 3-PIlASE SHI NT COMMMT VTOR MOTOR. 
(THE SCHRAOl': MOTOR) 


Since the 3-pliase slnint niolor tlie most widcMv used of th(‘ polyphase 
commutator motors, it will be thi‘ only one considered in this discussion. 

49-1. Coimection diagram and speed control of the 3-phase shunt com¬ 
mutator motor. As was oxplain(‘d in Art. 2'ir ‘h tli(‘ sp('(‘d of an indufdion 
moto’ can he regulatc’d by mc^ans of a voltage impr(^ss(‘d on its s(‘condary 
winding wliich has tin* same din'ction and fnajiHaicy as th(‘ (‘inf indu(*(‘d 
in this winding by the rotating flux. If 1 he \’oltag(‘ inipn‘ss('d upon the 
sec'ondary winding is in fihase with the induc(‘d emf, th(‘ spcH'd of ilu‘ rotor 
will rise, for a smaller inducc'd emf, and conscajuent ly a smalku* slip is 
necessary to produce the s(‘condary current r(‘(|uir(‘d for the opposing 
torque. On tlie other liand, if the voltage impressed on Ilie siaondary 
winding is fli.^phuT'd ISO*^ in pliase from th(* inducaMl emf, the speed of the 
rotor will fall, for a greatc'r si'condary emf, and cons(‘(|U(Hitly a greater 
slip is necessary to jiroduce the secondary curr(*nt. re(|uire(l for tlie oppos¬ 
ing torque. By a suitable selection of the pliase and magnitude of the 
impressed voltage, it is possible, therefor(‘, to regulate the speed of an 
induction motor below as well as aliove synchronous speed. 

The voltage impressed upon the secondary winding, for tlie purpose of 
regulating the speed, must have tlie same fr(*quency as tlie emf induced 
in this winding by tlie rotating flux, i.e., the slip fre(iuen(*y, and it must 
change its frequency according to the load. In the treatment of the 
induction motor, it has lieen mentioned already that such a voltage of 
variable frequency can be generated by means of a polyphase commutator 
machine. The 3-phase shunt motor described in the following is a com¬ 
bination of a polyphase rotor-fed induction motor and a polyphase com¬ 
mutator machine in one armature and one stator. 

Fig. 49-1 shows the connection diagram of the 3-phase shunt motor. Its 
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rotor has two windings, one of which is connected to slip rings and the 
other to a commutator; its stator has only one winding. The line is con¬ 
nected to the slip rings UVW. Neither the commutator winding of the 
rotor nor the stator winding is connected to the line. The three separate 



Fia. 4U--1. Schematic connection diagram of the S-phasc shunt motor (Schrage motor). 

phase windings of the stator are not connected to each other but are 
open; each of these phase windings Ls connected to two brushes wliich 
may be moved in opposite directions on the commutator. Accordingly, 
the 2-pole machine has 6 sets of brushes. 

Relative to the roUrr the speed of the rotating flux produced by the rotor 
(primary) winding is always the same, n, = 120/i/p. The relative veloc¬ 
ity of the rotating flux in relation to space (stator) depends upon the speed 
of the rotor. As in the case of every rotor-fed induction motor, the direc¬ 
tion of rotation of the rotor is always opposite to that of its rotating flux, 
for both motor and generator operation; the speed of the rotating flux 
relative to the stator is n, at standstill and zero at synchronous speed. 
Consequently, the frequency of the emf’s induced in the stator windings 
by the rotating flux is slip fi'equenc 3 ', and rotor and stator mmf wav’es 
are at standstill with respect to one another at any rotor speed, i.e., the 
necessary' condition for the development of a uniform torque is satisfied. 
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The frequency of the voltage at the commutator brushes can he de¬ 
termined from the following consideration. In a d-c machine the magnetic 
field is at standstill and the frequency of the current at the brushes is 
zero and independent of the armature speed (n). If the brushes of a 
d-c machine were made to rotate with a certain speed n', an a-c in^stead 
of a d-c voltage would be measured at the bruslies and the frequency of 
this a-c voltage would lie determined by 
the speed of the brushes n' but not by the 
armature speed n. Vice versa, if the mag¬ 
netic flux (poles) of a d-c machine were 
made to rotate with a speed n' relative to the 
spacCy again an a-c A'oltage would be meas¬ 
ured at the brushes and the frequency of 
t his voltage w'ould be determined solely by 
the speed of the magnetic flux relatively to 
space, n'. In tlie 3-phase shunt motor con¬ 
nected according to h'ig. 49-1, the mag¬ 
netic flux rotates with the speed (n, — 7i) 

= suy with respect to space. Tlierefore the 
frecjuency of tiie voltage at the lirushes is 
sfiy i.e., the same as in the stator winding^ 
and brushes and stator winding can be 
connected together. 

The magnitude of the voltage impressed on the stator winding (the 
lirush voltage) is changed in the rotor-fed shunt motor by changing the 
spacing lietween the brushes of each brush pair, i.e., the distances w/x', 

? and ic' 2 ' (Fig. 49-1). The commutator voltage increases with the 
distance l)etween the brushes. The greatest voltage is delivered by the 
commutator when the distance between the two brushes of the brush 
pairs is 180 electrical degrees. If both brushes of the brush pairs are 011 
the same commutator l)ar, the voltage impressed on the stator winding 
is zero, eacli of the three stator windings is short-circuited, and the 
machine }>ehaves as an ordinary induction motor. 

The speed control is continuous, and the maximum range of control is 
determined by the maximum voltage available at the commutator 
brushes. With respect to commutation this voltage is made about one 
half of the voltage induced in the open stator winding at standstill: this 
will produce a speed range of from | to about 1§ times synchronous speed, 
i.e., a speed regulation in the ratio 1:3 is achieved. 

If a constant brush voltage in impressed on the stator winding, the 
speed characteristic is displaced more or less upward or downward accord- 
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load. 
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ii»K to the magnitude and phase of tl)is voltage. Fig. 49-2 shows three 
speed torque charaeteiistics assuming that the regulation at no-load is m 
1h(' ratio of ahf)ut 1:3. The upper and lower eurves show the same tiond 



Fif! 40 3. Thr(‘o-pha‘^e fibunt motor (Rrhrage motor) 
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ns Ili(» nii(l(ll(‘ ciu \ c for w Inch t ho hfush \ oltaj^o is o()Unl to zero and Inch 
is, tli(0(‘f()r(‘, i(l(‘ii(i(nl witli the sjx'od ehnraeteristK* of tire ordinary in- 
(hielion motor. TIk' sh]) incr(‘as(‘s and thert'fore the speed dero’eases with 

iner*(‘asin^ torcpie. iriseitinjz; resistanee 
in th(‘ stator (‘ireuit it is aKo possiirle to 
(*\tend the ratine of regulation further 
downward, just as in the induction inotoi\ 
Idie appearanc(' of a 3-pliase shunt eom- 
nuitator motor is shown in Fig. 49-3. 
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49-2. Power-factor correction of the 3- 
phase shunt motor. Power-factor eori'ec- 
tion can he attained in the induction motor 
l)\ impressing a voltage on the secondary 
winding which leads the emf induced in it 
by the rotating flux by 90°. When speed 
regulation alone is desired, the axis of each 
brush pair must coincide with the axis of 
th(' ])i*oper stator phase. The change in spacing between the brushes, in 
order to \i\vy the sjieed, is acrximphshed by arranging the pairs of brushes 
in separate brush yokes which may be displaced from each other in oppo¬ 
site dii-ections. In oixler to obtain power-factor correction the axis of a 
brush pair must be dis])laced from the axis of the corresponding stator 
phaNO by a fixed angle. 
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Assuming a regulation at no-load of about 1:3, as shown in Fig. 49~2, 
the relation between the power factor and the torque of the 3-pliase shunt 
motor is given in Fig. 49-4. The power factor cur\^e for //normal i^^ exactly 
the same as that of the ordinary induction motor: in this case the brush 
voltage is zero. The curve for the higher speetl, //nmxi produces a leading 
power factor at the larger values of torques in (*onse(]uence of the power- 
factor correction. For the cui've at the low speed, //rnin, tlie no-load powca* 
factor must be unity or leading in order that the power factor at larger 
torques does not become too low. 

49-3. Commutation of the 3-phase shunt motor. Since the rotating flux 
of the 3-pliase slnmt motor witli powca- supply through the slip rings lias a 
constant speed (//J with respect to the armature, the emf indiicc'd by it, 
in the short-circuited winding element is constaiu and independent of th(' 
speed. The emf of self-induction in the short-( h ciiited winding element 
depends upon the range of speed regulation. At, synchronous speed this 
emf is zero, for at tliis sp(‘ed the brushes of (‘uch lirush piiir are placed on 
tiic same commutator liar, and (ommulation of current does not tak(^ 
place. It is low for a small range of sp(‘ed variat ion. No special means ar(^ 
available to improve tlie commutation of a 3-phase shunt motor (siu^h as 
the interpolcs of a d-c motor). Therefore, the emf of the* short-circuited 
winding must be kept small, and hard brushes with a high contact re¬ 
sistance must be used. 


PROBLEMS 

1 . The a(ljustal)le-si)ec(l, 3-i)hase, sli|vrin^ fed, sliunt motor (S(*Iira|!;(! motor) is 
(lesig;ned to iiuToaso the speed at no-load hy 10% and to de(*i(*ase thes})(‘ed at no-load 
by What should l>e the maximum brush voltage inipr(!ss(‘d upon the stator wind¬ 
ing in i)er(‘ent of the volta{»;(* of the open stator windiiu!; at standstill? Assume that the 
line freciuency is tiO cycles. What is the freciuency of the brush voltage at N()%; and 
45% of the no-load speed. 

2. At constant tonpie for the motor considered in Problem 1, a,pj)roximately wbat 
will be the power of tluj commutator wiiulinji; in per(*ent of the motor power ini>ut at 
40% higher speed and at 55yr lower speed. 

3 . The secondary frequency of the induction motor is greater than the line frecpieiu'y 
only wlien its rotor runs against the rotating flux. Is it possil)le to produce a stator 
frequency in the Schrage motor larger than the line frefjucncy, with the rotor running 
in the same direction as the rotating flux? If sej, what should be the brush voltage;, in 
percent of the voltage at tlie staten-winding terminals at standstill, in order that the 
secondary frequency be 130 cycles? The line freejuency is GO cycles. 
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MOTOR APPLICATION 


The problem of motor application consists in matcliing the motor to 
both the load and the operating conditions. To accomplish this, the motor 
characteristics and the load characteristics must be known. 

Although the motor characteristics have been studied in detail in tlie 
foregoing chapters, a brief summary will be given in the discussion fol- 



Fia. 50-1. Typical torque-speed curves of the various types of motors. 

lowing. The requirements of the load vary from case to case, since the 
variation of torque, overload capacity, duty cycle, surrounding conditions, 
etc., are different for the different loads. 

50-1. Motor characteristics. Corresponding to the variety of loads and 
surrounding conditions, the NEMA standards classify the motors ac¬ 
cording to: 

(a) application (general-purpose motor, special-purpose motor; etc.) 

(b) electrical type (pol>T)hase motor, single-phase motor, d-c motor) 




MOTOR APPLICATION 


445 


(c) mechanical protection and methods of cooling (o|K'n machine, 
drip-proof machine, splash-proof machine, semi-protected machine, 
totally enclosed non-ventilated machine, etc.) 

(d) variability of speed (constant-speed motor, adjustable-speed 
motor, etc.) 

(e) size (fractional-horsepower motor, integral-horsepower motor). 
Considering the different electrical types and the variability of speed, an 



//-High Speed Unity Power Factor Synchronous Motor 
L " Low Speed 

Fig. 5Q-2. Typical torque-speed and riirr(»nt/-Hpeed characteristics for syncfironous motors 

during sUirting. 

important motor and load characteristic is the relation of torque to speed. 
Fig. 50-1 shows ty^pical torque-speed curves for the various industrial 
motors. 

The synchronous motor is the only machine having absolutely constant 
speed. It starts, by means of the damper winding, as an induction motor 
(see .4rt. 40-4), and having reached its maximum induction motor speed, 
the d-c excitation is applied and the motor pulls into step. Table 1 gives 
the starting torques, starting currents, pull-in torques, and pull-out 
torques for synchronous motors on the basis of the NEMA standards. 
Fig. 50-2 shows the starting torque-spieed curves of a high-speed and a 
low-sf)eed synchronous motor, both designed for unity pcjwer factor. 
The pull-in torque given in Table 50-1 and Fig. 50-2 is the induction 
motor torque developed at 5% slip. The higher the speed reached while 
running as an induction motor and the lowxr the moment of inertia 
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TABLE 50-1. STARTING, PULL-IN, AND PULL-OUT TORQUES, AND STARTING 
CURRENTS OF NEMA STANDARD SYNCHRONOUS MOTORS 



Starting 

PuU-In 

Pull-Out 

Starting Current 

Type Rpm 

Torque 

Torque 

Torque 

Full-Voltage 

General-purpose motors 

Unity pf 1800 

110 

110 

150 

550-750 

(Up to 200 hp) 614-1200 

110 

no 

175 

550-750 

0.8 pf 1800 

125 

125 

200 

500-700 

(Up to 150 hp) 514-1200 

125 

125 

250 

600-700 

Large high-siwed motors 

Unity pf 

250 to 500 hp 514-1800 

110 

no 

150 

550-700 

600 hp and above 614-1800 

85 

85 

150 

550-700 

0.8 pf 

200 to 500 hp 614-1800 

125 

125 

200 

500-700 

600 hp and above 514-1800 

100 

100 

200 

500-700.. 

Low-spoed motors 

Unity pf loss than 514 

40 

30 

150 

300-500 

0.8 pf 514 

40 

30 

200 

250-400 


Torques and currents are expressed in percent of rated full-load values. 
IHill-in torque is based on NEMA standards for normal WR^ of the load. 


of the rotating mass, the easier the motor pulls into step. Tlie standard 
pull-in torques shown in Table 50-1 and Fig. 50-2 presume a normal 
117?*, as specified by the NEIMA standards. 

It has been explained in Art. 40-3 that an overexcited synchronous 
motor draws leading current from the lines i.e., an overexcited syn- 

TABLE 50-2. STARTING AND PULL-OUT TORQUES, ST.VRTING CURRENT .VND RATED 
SLIP OF A POLYPHASE 30-11P ISOO-RPM INDUCTION MOTOR CORRESPONDING TO 
NEMA CLASSIFICATIONS A, B, C, D, AND F. 



Starting 

Pullout 

Starling 

Current in Amp 

Rated 


Torqiu' 

Torque 

at 220 VoUs 

Slip % 

A 

150 

>200 

>435 

<5 

B 

150 

200 

<435 

<5 

C 

<200 

<190 

<435 

<5 

D 

275 


<435 

>5 

F 

125 

135 

<270 

<5 


ehronous motor belmves as a capacitance with respect to the lines. This 
property of the overexcited synchronous motor is used to improve the 
overall power factor of a plant and is the reason why synchronous 
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motors are rated for unity power factor and also for 0.8-power factor 
leading. 

The polyphase indwtion motor with squirrcl-cage rotor has nearly con¬ 
stant speed (Fig. 50-1), the speed variation usually l>eing less than 10%. 
Tlie NEMA standards specify five designs (A, B, C, D, and F) for poly- 
pha.se scjuirrel-cage motors. The difference of these designs in starting 
torejue, pull-out torcjiie, starting current, and slip at rated load is shown 
for a 30-HP, 1800-rpm motor in Talde 50-2 and Fig. .50-3. (For other 
horsepowers and speeds, see NEMA standards.) 



Percent Synchronous Speed 

Ftg. 5Q-3. Torque-speed curves of a 30-HP, 1800-rpm, jKilypliasti induction motor corro 
spending to NEMA classifications A, 11, C, D, and F. 

The polyphase induction motor with wound rotor offers the possibility of 
speed control by means of a rheostat between the slip rings: the spreed 
control is continuous but not economical (.see Art. 29-3a). The starting 
performance of the wound-rotor motor is more efficient than that of the 
squirrel-c;age or synchronous motor: the rheostat in tire rotor circuit 
provides the lowest ratio of starting current to starting torque and also a 
high starting torque (equal to the pull-out torque, if nece.s.sary). Thus, the 
wound-rotor motor is used either as a varying-speed motor oras a constant- 
speed motor for high starting torque at low starting current. Smooth 
acceleration through adjustment of torque during starting is a further 
advantage of the woimd-rotor motor. 
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The drc shunt motor, at constant field current and constant armature 
voltage, operates at nearly constant speed, the speed variation usually 
being less than 10%. However, the speed of the d-c shunt motor can be 
regulated in a simple manner by field control, and also by control of its 
armature voltage (see Art. 7-6). The d-c shunt motor with field control is 
best suited for wide speed ranges. 

The d-c series motor is a varying-speed motor able to develop a high 
starting torque. 

The drc compound motor, being a shunt and series combination, has 
cliaracteristics between the.se two motors. Usually the shunt motor 
characteristic predominates. 

Single-phase induction motors are usually fractional horsepower with a 
squirrel-cage rotor. The characteristic data of the various types of single¬ 
phase motors are given later in Table 50-5a and 50-5b. 

50-2. Load characteristics. Many indastrial loads operate at constant 
or nearly constant speed, the speed variation being 5 to 15%. In these cases 
the power output is proportional or nearly proportional to the required 
torque. Such loads are constant-speed blowers, compressors, crushers, 
fans, rubber mills, rolling mills, conve 5 'ors, pumps, grinders, concrete 
mixers, motor-generator sets, wood-working machines, metal-working 
macdiines, laundry machinery, looms in textile mills, saws, hammer mills, 
jordans, l)eaters, saws, etc. The synchronous motor, the induction motor, 
and the d-c shunt motor can be used for these loads. 

Other industrial loads require that the speed be adjustable, i.e., that the 
speed be varied over a considerable range, but, when once adjusted, tliat 
it remain nearly constant. Adjustable speed loads are of three general 
types, namely, those in which: 

(a) the torque is essentially constant at all speeds (constant torque), 

(b) the power output is essentially constant at all speeds (con¬ 
stant IIP), 

(c) the torque is inherently variable (variable torque). 

In the first case the power output varies directly with the speed. Typical 
loads of this kind are certain tj-pes of conveyors and automatic machine 
tools. The d-c shunt motor designed for adjustable speed by field control or 
armature control, the wound-rotor induction motor with a resistor in the 
rotor circuit, and the polyphase shunt motor can be used for these loads. 

In the second case, where the power output is essentially constant, the 
torque varies inversely with the speed. Typical loads of this kind are most 
machine tools. The d-c shunt motor designed for adjustable speed by field 
control and the wound-rotor induction motor can be used for these loads. 
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The third case in which the torque is inherently variable applies to 
fans, blowers, and centrifugal pumps. In these loads the torque increases 
with about the square of the speed and therefore the power output in¬ 
creases vith about the cube of the speed. A d-c shunt motor designed for 
adjustable speed by field control can be used for these loads. 

There are loads which require that the speed he varying^ i.e., that the 
speed vary with the load, ordinarily decreasing when the load increases. 
Such loads are hoists, those which occur in traction, cranes, bridges, etc. 
The d-c series motor, the a-c single-phase commutator motor, and tlie 
repulsion motor can be used for these loads. 

The starting torque, i.e., the torque necessary to break away from stand¬ 
still, is an important factor in determining the type of motor. Fans, 
blowers, centrifugal pumps, unloaded compressors, motor generator sets, 
etc. require a low starting torque of about 30 to 50% of i-ated torque. 
Unloaded crushers, rod mills, etc., require 100% starting torque. Other 
loads such as sheet mills, loaded compressors, etc., require still higher 
starting torques, up to 300% of normal torque. The starting torques 
develof)ed by the various tj^pes of motors are given in Tables 50-1, 50-3, 
50-4, and 50-5. 

Another important factor is tlie inertia of the mass of the load: together 
with the load torejue it determines the starting time and, therefore, the 
heat developed during starting in the rotor of a squirrel-cage motor. For 
loads witli high inertia and liigh torques during starting, a squirrel-cage 
motor of special design or another type of motor must be used. 

The surrounding conditions under which the motor must operate are 
also of importance. As has been explained in Art. 10-2 certain temperature 
limits are set for the insulating materials. The temperature of the winding 
is determined by the copper and iron losses produced in the machine and 
by the ambient temperature. Electric machines are usually designed for 
an ambient temperature of 40°C. If the ambient temperature is higher 
than 40°C, either an oversized machine, or high-temperature insulation 
(silicon), or special ventilation must be u.scd. If the surrounding air con¬ 
tains dust, corrosive gases, salt air, or exce.ssive moisture, a motor with a 
special enclosure to protect its windings and commutator or slip rings is 
required. There are splash-proof, drip-proof, dust-proof, explosion-proof, 
etc., enclosures available. 

50-“3. Various motor types and their applications. In the following Tables 
50-3, -4, -5a and -5b the general characteristics and t^'pical applications 
are given for d-c motors, polyphase induction motors, and single-phase 
motors. 
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Medium slip; Highest start¬ 
ing torque of all squiird- 
cage motors. Used for high- 
inertia loads such as shears, 
pimch presses, die stamping, 
bulldozers, boilers. Has very 
high average accelerating 
torque. High slip used for 
elevators, hoists, etc., on in¬ 
termittent loads. 

Direct-connected loads of 
low inertia requiring low 
starting torque, such as fans 

1 and centrifugal pumps. Has 
high efficiency and low slip. 

1 

For high-starting-torque 
loads where very low start¬ 
ing current is required or 
where torque must be ap¬ 
plied very gradually and 
where some speed control 
(50%) is needed. Fans, 
pumps, conveyors, hoists, 
cranes, compressors. Motor 
with speed control more ex¬ 
pensive and may require 
more maintenance. 

Low 

About 
same as 
Class A 
or Class B 

High, with 

rotor 

shorted 

same as 
Class A, but 
low when 
used with 
rotor resis¬ 
tor for 
speed con¬ 
trol 

Low 

About 
same as 
Class A 
or Class B 

I 

i - 

High, 

with 

rotor 

shorted 

same as 

Class A 

! 

Medium 

7-11. 

high 

12-16 

s X I 

^ CO 

3-50 

Medium 

slin 

400-800, 
high slip 
300-500 

Normal 

500-1000, 

low 

270-500 

Depends 
upon ex¬ 
ternal rotor 
resistance 
but may be 
as low as 
150 

i 

Usually 
same as 

standstill 

torque 

Low but 
not less 
than 135 

200-250 

Medium slip 

high slip 
250-3X5 

Low, 
not less 
than 50 

Up to 300 

1_ 

9 0 

iS 

40 

to 

200 

0.5 

to 

5000 

High 

medium 
and high 
slip, 

NEMA 
Class D 

Low start¬ 
ing torque, 
either nor¬ 
mal start¬ 
ing current, 
NEMA 
Class E, or 
low start¬ 
ing current, 
NEMA 
Class F 

Wound- 

rotor 


Fig\irf>a are given in per cent of rated fnU-luail values. 
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Capacitor-start Up to 435 205 Up to 80-95 55-65 i Dual voltage. Compressors, 

general-purpose Very high High 400 to stokers, conveyors, pumps. 

i Belt-driven loads with high 
static friction. May be re¬ 
versed. 
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Chapter 51 


DlsriilliUTION OF POWER 


Power sinlioiEs usumIIv generate power on a largo scale as alternating 
voltag(‘ and currc'id and also transmit tliis power as alternating voltage* 
and current. The* rc'asons for this are that a-c generators can be built 
for high voltage's (up to 2(),()0() volts), that ti*ansformers are available 
for a further iiuae'ase* of the genc'rat.or voltages, and that high-voltage 
power tr*riMsmission is more economical than low-voltage poANcr tmns- 
mission. Cofiti*ary to a-c gen(a*atoi*s, large-capacity d-c gene'rators are 
not practical for voltages mu(*h higher than SOO volts, and no apparatus 
is pi’('S(aitly availalde* to increase* this geaierator-vedtage consieler*ably. 

Sinee ele‘e*tric pe)we'r is ge*nei’ated and transmitted as a-c power, it 
is utilize'd as such whe'rever pe)ssible. However, there are instanees in 
whie*h el-e* powe*r must l)e use*el anel also instances in whicli tlie use of 
elireed eairrent o(Te‘rs aehantage^s in e'omparison with alternating current. 
An example* erf the* former instance is fenmel in electrochemical plants; 
(‘xamples of the* latter instance are applications in which speeel control 
ove*r a wide* r*ange* is necessary: no motor olTei-s better speeel conti*ol 
than the el-e* mot err el(*signe*d with fiedel e‘erntrol. D-c also erffers advantages 
in tlie e*ongested elistrie*ts of targe cities, since it can be used in connection 
with a sterrage battery reserve wliie*h is an important consideration. 

51-1. Systems of d-c distribution. D-c ]mwer is generated by d-c gener¬ 
ators, try moterr-ge*neraie)r sets, or by mercuiy-arc rectifier’s. In the last 
two e‘ase*s, a-e* perwer is (‘onve*rted e^r r’ectified into d-e* power. 

There are twer fundamental systems (rf distributing d-c power: the 
system and the multiple systf m. 

The series system, also called (*onstant-curr’ent system, is used mainly 
for street-lighting circuits in this country. All lamps ate connected in 
series, and a regulator is used to maintain constant current; the current 
required is usually less than 10 amp. The total voltage increases as the 

4r>8 
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load is increased by the addition of lamps; it lies between 2000 and 
4000 volts and the line must, therefore, be carefully insulated. The 
advantage of the series system for street lighting is that a single wire 
can be run through each street (I'ig. ol 1). 



0 arc lamp O incandesccul lamp 


Fig. 51-1. Series sysleie of distribution npplic'd to str(‘et ligliting. 

The multiple system, also (‘ailed (‘onstant xollagc* systtan, opta-ates 
at approximately constant Aoltagc* whil(‘ th(‘ curnait changes with the 
load demands. The various lamps and motors are all conn(‘ct(‘d in parallel, 
and disconnecting a part of tli(' load lias no (‘(T(‘ct U])on the op(‘i*ati()n 
of the remaining part of the load. 

Ferdrr 


Load 


Fig. 51-2. Tvv(->-\vire system of di.stribution. Feed(jrs and mains. 

The multiple system can be 2-wire or 3-wire. In the former case a single 
value of voltage is available; in the latter case two different voltages can 
be used. 

Some arrangements of a 2-wirc system are shown in Figs. 51-2, 51-3, 
and 51-4. Fig. 51-2 shows a common arrangement in whicli the voltage 
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is held constant at the distribution center. The voltage at the terminal 
of the loads changes somewhat with changing load. Fig. 51-3 shows an 
arrangement in which the load is .sectionalized. This not only- has the 
advantage that the voltage drop is reduced, but also an advantage in that 
troubles may be confined to the .section in which they occur. Fig. 51-4 



Fifi. 61-3. Twf>-wiro Hystem of distribution with sectionalized load circuits and mains. 

shows the loop connection. Here the currents flow in the same direction 
in the two mains, reducing the voltage drop and thus sustaining the 
voltage. 

It follows from F'igs. 51-2 and 51-3 that the voltage drop can be 
reduced in an overloaded system by .sectionalizing the load and providing 
additional feeders. For the same purpose a voltage booster also can be 
used. Tills is a small motor-driven generator of series, shunt, or compound 



Fig. 51-4, Two-wire system of distribution with loop connection. 

type, the armature of whicli is in series with the feeder. Such a booster 
is often used in eonnection with storage batteries for increasing the 
voltage during the charging period and decreasing the voltage (by revers¬ 
ing the polarity of the booster) during the discharge period. 

The S^mire or Edison system offers the advantage of a low voltage 
(110 to 120 volts) for lighting, and a higher voltage (220 to 240 volts) 
for motor application. Fig. 51-5 shows a 3-wire s^^stem using two separate 
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genprators which are connected in series. A middle or neutral wire is 
connected to the junction of tiie two generators. If the load is the same 
on both sides of the sj’stem, i.e., if the load i.s balanced, no current flows 
through the neutral wire. If the load 


i.s not the same on both sides, the ex¬ 
cess current caused by the unbalance 
of loads flows through the neutral 
wire (see Fig. 51-5). 

Doubling the voltage by using the 
3-wire system reduces considerably 
the amount of copper necessary for 
the feeders. Assuming the same per¬ 
centage i>oltage drop, for example 5% 
at 110 and 220 volts, the voltage drop 
is 5.5 volts at 110 volts and 11 volts 



at 220 volts. Since, for the same trans- 5, .5 Tj.n«.wiro synu-m of di^tribu- 
mitted power, the current at 220 thm with two Hoiianite gttnerators. 
volts is half of that at 110 volts, 

the resistance of the feeders at 220 volts may 1)0 four times the resistance 


at 110 volts, i.e., the amount of copper necessary at 220 volts is only 25% 
of the amount necessaiy at 110 volts. This does not take into account 


AO A 50A 



30 A - 


Fig. 51-6. Three-wire system of distribution with a single generator and a storage battery. 


the neutral wire. If it is assumed that the neutral wire has the same cross- 
section as the outer wires, the 3-wire system needs | of the copper neces¬ 
sary for the 110-volt system for the same transmitted power. 

Fig. 51-6 shows a 3-wire system consisting of a single generator and a 
storage battery. The neutral wire is connected to the mid-point of the 
battery. When the load on both sides is unbalanced, the lialf of the battery 





162 


D-C AND A-C MACHINES 


oti the heavier loaded side will be discharged, while the other half of the 
battery will be charged. The currents shown in Fig. 51-6 indicate that 
half of th(! current (lowing tlirough the neutral wire (= 10 amp) returns 
to the positive side through the upper half of the battery discharging it 
to supply lOA to the load, and the other half of the current flowing 
through the neutral wire goes to the lu^gative side through the lower half 


-►giSA ->-100 A 



Fi(i. f)l 7. Thnte-wire system of (listHImtion with a siaigle g(‘nerat()r and a balancor set. 

of tlio liath'ry lltus charging^ it. Since discharge is (‘onneeted with a 
voltage drop and charge with a voltage rise, the system voltages must 
become unbalanced. 

The 3-wire system, tdg. ol-o, with two se})arate generators is expensive; 
the 3-wire systcan, Fig. ol-O, with a single generator and a storage battery 
is expensive* and retpiires a higli maintenance cost for the storage battery. 
Furth('rniore, it is diflicult to maintain both halves of the battery at 
the same condition of charge. 

In Art. t)-l a 3-wire gen(*rator (devised liy Dolivo-Dobrowolsky) was 
described whiedi, in connection with a coil wound on iron, yields an 
efficient 3-wire system (s(*e b'ig. 

Another 3-wire system employing a single generator and two small 
ina(*hin(*s (a haUviccr set) is shown in Fig. ol -7, The two macliines of 
the balancer set are mechanically coupUnl togetlier and are electrically 
coui\e(*ted in series across the outer wires; the neutral wire is connected 
to the junction of botli machines. When the load is the same on both 
sidt's, the two machines of the lialamer set l)otli operate as motors, 
taking enough power from the system to suppl}' tlieir no-load losses; the 
neutral wire d(H\s not carr\' current in this case. Wlien the load is not the 
same on both sides, the unbalanced current flowing through the neutral 
divivles between the two machines of the balancer set making one machine 
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operate as a motor to dri\’e the otlier macliiiie as a generator. Tlie latter 
then supplies a part of the unbalaneed eurrenl. 

The figures .shown in Fig. 51-7 are obtained under the assumption that 
the voltages of both sides are ecjual (= 110 volts) and that theeflieieneies 
of motor and generator of the balaneer .set are both equal to 0.85. If 
lu denotes the generator current and /.,/ the motor current, then 

power output of the getterator = 110 X /(; 


power input of the generator 


no X la 
(h85” 


power input of tlu' motor = 110 X IM 

power output of iIk' motor = 110 X I \t X 0.85 

Since the power input of tlie ^eiKuntor e(|uaLs the power output of the 
motor, 

= no X 7a, X 0.85 

O.S.) 


Also, 


/ f; + ^ M = 20 

The two equations aI)ove yield 

I = 11.0 amp l(i = 8.4 amp 
The eurrenl of the main j»;(‘neralor is 

/ = lOO ^ .S.4 = SO + 11.0 = 91.6 amp 


51-2. Systems of a-c distribution. As has been mentioned, a-c j^ower is 
transmitted at lii^li \^()ltage and mainly by the 3-phase system. The 
single-X)hase system is used to a limited extent in eonnection witli single- 
phase eleetrie i-ailways, and the transmission of power by single-pliase 
cireuits is limited to short distances and relatively low voltage. Tliree- 
phase power transmission reejuires less copper than either single-phase 
or 2-piiasc power transmission. 

The distribution system begins either at the substation where the 
power is delivered by a transmission line and stepped down by trans¬ 
formers or, in many cases, at the generating station. Where a large area 
is involved, a primary and secondary distribution system may be applied. 
The primary distribution system delivers power at voltages up to 15,000 
to load centers where it is stepped down to 4000 or 2300 volts. Large 
motors are economical at 2300 to 6600 volts; small motors are d(‘signed 
for 440, 220, and 110 volts; incandescent lamps are most effective at 



2300 



^ , vwJvwJ vwww 

Transformers 


Fig. 51-8. RinKlopJiasf*, .'J-win*, system. 


Li|hting 2~Phase 
Loads Motor Loads 

Fig. 51-9. Two-phase, 3-wire system. 



Transformers 


Li|htin| 

Loads 



2-Phase 

Motor 

Loads 


Fig. 51-10. Two-phase, 4-wire system. 



Transformers 



Li^htin^ Loads 3~ Phase Motor Loads 


Fig. 51-11. Three-phase, 3-wire system. 
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110 volts. Therefore, the voltages 4000 and 2300 must be further reduced 
03 ' stei>-down transformers for the various applications noted. 

With respect to the numlxir of phases, the following distribution 
S 3 ^stems are available for a-c power; 

(a) Single-phase, 2-wire or 3-wire (Fig. 51-8). 

(b) Two-phase, 3-wire (Fig. 51-9) or 4-wire (Fig. 51-10). 

(c) Three-phase, 3-wire (Fig. 51-11) or 4-wire (Fig. 51-12). 

The single-phase 3-wire system sometimes used is identical in principle 
with the 3-wire d-c S 3 'Stem. The neutral wire is connected to the center 

“T T 

40,00V 4000V 

« j 

4000V , 

~T-*-- 

2300V _ 

Neutral 


Transformers 


A ■ . ' '" 

208V 208V 

208V „ 

“1 - ^ --- 

I20V 

—i_ 

Neutral 

120 V Li|htin4 Loads 3'Phase Motor Loads 

Fia. 51-12. Three-phase, 4-wire system. 



of the transformer secondar}'. The neutral is grounded in order to protect 
personnel from electric shock should the transformer insulation break 
down, or the secondar 3 ' main contact high-voltage wires. 

The 2-phase system is still used in some localities. When used, the 
4-wire system is preferable since the 3-wire system produces voltage 
unbalance because of the unsymmetrical voltage drop in the neutral w'ire. 

The 3-phase, 3-wire and the 3-phase, 4-wire s 3 'stems are both used 
extensively. The 3-phase, 4-wire system. Fig. 51-12, shows 4000-2300 volt 
distribution and 208-120 volt distribution. The higher voltage can be 
a primary distribution and also a secondary distribution voltage in a 
large area which is further stepped down to 208-120 volts. 

As in the case of d-c distribution, the series or multiple method of 
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Fkj. rjl -13. Uiidial distribution. Tree P’k;. 51 1 1. Ib'idijil distribution with 

By stem. f(‘(‘d(jr and mains. 



Fig. 51-15. Network distribution. 









DISTHIBI TION OF POWF.R 


467 


connection can In.' applied. In the fir^t ca.se .special tran.sfoiniers for 
con.stant current are used (Fig. 20-0). The different arrangements of 
feeders and transformers which are u.sed in multiple systems, in order to 
keep the voltage of tlu' tlistrihution system constant, are briefly described 
here. Fig. ol-KI shows a rmlitil distrihiitioii of the tree-system type. Here a 
number of independent feedeis branch out radially- from a common 



W'A' 

FiCi. ol-Ki. lioop ilistrihulioii. 

source of siipplx (a siilistation, or a gencralinK statiou), and tli(' distribii- 
tioii transfornK'rs are connected to taps along the lenglli of tli(‘ f(^ed(‘rs. 

Where the tree system cannot maintain 11 k‘ retinired voltage, a radial 
distrihidion irith feeder and mains is used (Fig. 01-14). In this ease the 
feeder is run to a point near th(‘ load center of a district and mains connect 
the feeder witli the transfornK'rs. 

In districts with liigli load d(*nsities ihc. network distrihulion system 
is employed (Fig. ol -lo). In this case a secondary main grid is fc'd tlirough 
distribution transfornK'rs )>y mult iple fe(‘ders. X(‘t work distribution 
permits the feeding of current into a load from several directions. Vertical 
network distribution is used in tall buildings. 

Loop distribuiwn (Fig. ol-lO) is used for supplying bulk loads. In 
tliis case the feeder normally extends from the substation or generating 
station to a group of customers connected in series and goes back either 
to the same station or to an adjacent station. 

PROBLEMS 

1. A cl-c load of ,300 ani[) at 230 volts is transmitted from 250 volt bus-bars over a 
500-ft copper feeder. Determine the resistance and eross-scctional area of the feeder 
and the feeder power loss. What is the efficiency of transmission? 
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2. If the load in Problem 1 was a 115-volt load, how much power could be received 
for the same transmission efficiency? What voltage would be necessary at the bus-bars? 

3. A 75-HP d-c motor operating at an efficiency of 88% and a terminal voltage of 
225 volts receives power from station bus-bars by means of two 3,000,000 circular 
mil feeders, each 1000 ft long. Determine the power received, bus-bar voltage, feeder 
power loss, transmission efficiency, and weight of the feeder. 

4 . A 125-volt, d-c bus-bar feeds a 20-HP motor through a switchboard with the 
motor 500 ft from the switchboard. If the motor terminal voltage is to be 115 volts 
when operating at full-load and an efficiency of 86%, determine the cross-sectional area 
and weight of the feeders in circular mils and pounds respectively. 

5. If the motor of Problem 4 was a 230-volt, 10-HP motor of the same efficiency, 
and the iKjrcentage voltage drop between motor and switchboard remained unchanged, 
determine the cross-sectional area and weight of the feeders. 

6. Determine the cross-section and weight of copper feeders necessary to transmit 
100 kw of power to a 230-volt load center, if the bus-bars are 1200 ft from the load and 
the bu8-l)ar voltage is 245 volts. 

7 . A 2400-ft street is illuminated with 16 200-watt lamps, placed 150 ft apart. 
The lamps are connected in rmilti[)le; a.ssume lamp current is automatically controlled 
at 1.50 am|) per lamp. If the line is fed from a 115-volt generator at one end, determine 
the voltage at each lamp. Use a No. 3 wire having a resistance of 0.196 ohm per 1000 ft 
for the line. 

8 . Re|>eat Problem 7 assuming the 125-volt generator to be centrally located and 
feeding the street lights at a junction point midway between the 8th and 9th lamps. 
The feeder from generator to junction is 75 ft long and consists of two No. 2 wires hav¬ 
ing a resistance of 0.156 ohm per 1000 ft. 

9. A 120-240-volt, d-c, 3-wire generator supplies loads A and B over three wires 
each having a resistan(;e of O.OS ohm. Assuming the generator voltages to be 120-240 
volts, determine the load voltages when load A Is 25 amp and load B 25 amp. 

10 . Ilei^eat Problem 9 when load A is 50 amp and load B 70 amp. 

11 . Repeat Problem 9 when load A is 30 amp and load B is 80 amp. 

12 . Determine the voltage across loads A and B in Problem 9 if the neutral wire is 
opened. 

13. Determine the voltage across loads A and B in Problem 11 if the neutral wire 
is opened. 

14 . D>ad A is 1.5 kw d-c at 120 volts. lioad B is 3 kw d-c at 120 volts. Load C is a 
10-HP, shunt-wound d-c motor operating at full-load at 240 volts and at an efficiency 
of 85%). The three loads are supplied from a 3-wire system over feeders 100 ft long. 
The outer wires arc No. 1, having an area of 83,700 circular mils, and the neutral wire 
No. 6, having a cross-section of 26,300 circular mils. Determine the line currents and 
efficiency of transmission. What are the voltages at the head end of the feeders? 

15 . A 115-230-volt, 3-wire a-c system supplies two loads. Load A is 115 volts, 
15 kw at 0.90 p.f. lagging and load B is 115 volts, 10 kw at unity p.f. Determine the 
currents in the three wires. 

16 . Repeat Problem 15 if load A is 115 volts, 15 kw at 0.90 p.f. lagging and load B 
is 115 volts, 10 kw at 0.80 p.f. lagging. 

17 . If the loads in Problem 15 are supplied from a center-tapped transformer 
secondary over three wires each having a resistance of 0.08 ohm, determine the voltages 
at the transformer from line to ground (neutral grounded). Determine the efficiency of 
transmission. 
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18. If the loads in Problem 16 are supplied from a cent-er-tapped transformer sec¬ 
ondary over three wires each having a resistance of O.OS ohm determine the voltages at 
the transformer from line to ground (neutral grounded). Determine tlie efliciency of 
transmission. 

19. A 115-230-volt, 3-wire a-c system supplies the following: load A is 115 volts 
and consists of a 1.5-kw lamp load in parallel with a 3-IiP single-i)hase motor operating 
at full-load, 76% efficiency and 78% power factor; load B is a 3-kw 115-volt lamp load. 
Determine the line currents. 

20. Repeat Problem 19 if load B is a 115-volt, 2.5-kw load at 0.80 p.f. lagging. 

21. A 50-IIP, 440-volt, 60-cycle, 3-phase, 4-pole induction motor has a full-loavi 
efficiency of 91% and a power factor of 90%. Neglecting the reactance drops in the 
supply lines, determine the cross-section of the copper conductors necessar\' if the power 
bus is 100 ft from the motor and the voltage drop is not to exceed Assume 440 
volts at the motor. 

22. Repeat Problem 21 for a 200-HP, 440-volt, 4-pole motor having a full-load 
efficiency of 92%) and a power factor of 89%. 

23. Repeat Problem 21 for a 1000-HP, 2300-volt, 4-poU: motor hoving a full-load 
efficiency of 94% and a power factor of 91%). 

24. A 120/208-volt, 3-phase, 4-wire line supplies three lamp loads and a 50-HP, 
3-phase, 208-volt, 60-cycle induction motor. The lam]) loads are 120 volts and 10 kw, 
15 kw, and 20 kw respectively. Tlie motor is operating at full-load, 91%) efliciency and 
90%) power factor. Determine the line currents, neutral current, and the size of feeders 
necessary. 

25. A 3-wire, 120-volt, 2-phasc system supplies two single-phase unity power factor 
loads. Load A is 5 kw and load B is 3.5 kw. Determine the current in the neutral 
(grounded) wire. 

26. Repeat Problem 25 if load A is 5 kw at 0.85 p.f. lagging and load B is 3.5 kw at 
unity p.f. 

27. Ke])eat Problem 25 if load A is 5 kw at 0.85 ]).f. lagging and haid B is 7.5 kw at 
0.90 p.f. lagging. 
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(To Art. 12-2) 


Derivation of Eq. 12-6 from Ampere’s Law. The magnitude of the main flux can 
be determined by apjilying tlie circuital law of the magnetic field (Ampere’s law) to the 
core striK'ture (Fig. 12 1). Neglecting the air gap and assuming the length of the 
magnetic ])ath around the center lines of the core to lie /, this law yields for the ampli¬ 
tude of II 

m = NvV2I^ (Al-l) 

and, according to Fxp 1-24, for the amplitude of H 

ItX,y/2l^ (Al-2) 


Therefore (see Ecjs. 1-25 to 1 27 ) 

lim 

The flux interlinkage with the primary winding is 

.v,<j. = Nr-V^ u 

m 

On the other liand, from Eqs. 1 Id and 1-20, 

, .v.i> .V, X (U7r.V,V^2/. .vr- 

V 2 /. \/2 

Conqiaring K({s. A-4 with A 5 

.Y,^ = L,„V2 /. 

wtiicli is identiciil with Ecj. 12-1). 


(Al-3) 


(Al-4) 


(Al-5) 


(Al-fi) 
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(To Art. 26-2) 


Derivation of the Torque of the Pol 3 rphase Induction Motor on the Basis of Biot- 
Savart’s Law. Consider I'ig. A2-1 which represents an elenientarv 2-jK)le machine. Tlie 
flux is assumed sinusoidally distribuUHl. Cach roU)r phas(‘ has a sinj^le slot [>er }X)le in 
whi(?h rico conductors are located, i.e., each rotor j)hase consists of a simple coil with 
turns. The emf’s induced in the coil sides arc projKirtional U) the values of B which 
they momentarily cut (Etp 1-2a); hence the or¬ 
dinal’s of the /i-curve over the coil sides repre¬ 
sent, to another scale, the emf’s of the coil sides. 

It will he assumed that the rotor runs close to its 
synchronous speed, as is the cjise at ratod load. 

Then tl;e rotor current is almost in ])hase with tlie 
induced emf {r>//s lar^e in comparison with X 2 \ 

Kcp 25 3) and the ordinates of the B-mrvo over 
tlie individual coil sid(5s also represent the cur¬ 
rents flowing in the conductors. The currents of 
the three phases are shown in Fig. A2-1. For the 
instant chosen, the conductors of phase III lie 
under maximum flux density while for the 

conductors of fihascs I and II the flux density is half of the maximiirn. Therefore the cur¬ 
rent in phase III will he a maximum and the currents in phases I and II half of the maxi¬ 
mum value. Corresponding to Biot-Savart’s law (Eq. l-2Sh), the tangential force jx^r 
pole is 

F = 8.85 X [y ^ ''' 

F = 18.75 X (A2-1) 

le is the efTcetive core length (see Art. 3-7). 

If each phase of the rotor has r /2 slots per pole and the coils are chorded (fractional- 
pitch winding), the value of F must be multiplied by q 2 and by the winding factor 
kd 2 X kp 2 of the rotor (see Eq. 22-8), Further, F must be multiidied by the number of 
poles p. This yields for the total tangential force around the armature 

F = 6.25 X 10-" X leZ2kd2kp2Bj2\h 

where Zn = ZUc^qip is the total number of conductors of the rotor. 
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The developed torque (in Ib-ft) is obtained by multiplying F by the radius 

^ « 5 X i ^ - X ft. Introducing 
2 12 IT X 2 12 

Z 2 - N 2 X 2m2 

where ^2 is the number of turns per rotor phase and m 2 the number of rotor phases, 
and also Eqs. 24-5, 24-4, and 1-32 

E 2 = 4:A4fiN2kd2kp2^lO-^ 


/i = 


pn, 

120 


4> = 


TT 


the torque becomes 

f = 1:21 Ib-ft (A2-3) 

n. 

This equation has been derived under the assumption that the rotor current is in phase 
with its enif. If this is not the case, as for example at starting, the cosine of the angle 
l>etween E 2 and 1 2 (co 8 ^ 2 «, Eq. 25-1) has to be introduced into Eq. A2-3. The con¬ 
siderations are the same as for the determination of the power of a circuit with voltage 
and current in phase or out of phase. Thus, in general, 

7.04 7.04 

T = — m 2 E 2 l 2 cos \p 2 » = —— miE 2 l 2 cos \p 2 $ (A2-4) 

n, fit 

r ' 

Observing that E 2 cos — I 2 X -- (see Fig. 25-1 or Eq. 25-3), 

s 


T 




(A2-5) 



APPENDIX 3 
(To Art. 26-3) 


Derivation of the Currents of the Polyphase Induction Motor from the Equations 
for the Electric Circuits and Magnetic Circuit. Eqs. 25-2 to 25-5 with the abbreviations 


= ri -f Z-i' --h jx,.' 

s 

yield the following equations for the primary and secondary currents 

1 + YM 


Ii = Vi 


Zi + Z 2 ' 4- ZiZ/Yrr 
1 


where 


1 / = -Vi -- 

^Zi4 -Z2' + Z,Z./Y^ 

ZiY„. = {rigm + Xibm) - ribm) 

There will be no noticeable error if the assumption is made that 

ZiYffi Xibm 




Introducing the primary and secondary leakage coefficients 


Xi 


X2 

T 2 = - 

Xm 


and the abbreviations 

n = ri -f (1 4- Ti)r2' 


f — gm + (1 4- T 2 ) 
8 


Z = (1 4- r2)ri 4- (I + r^) 


r2 


= Xi -f (1 4“ Ti)X2' 

h = f7mX2 - bm — 

8 


m = Zi - b„rj — 
8 


the primary and secondary currents become 






It' = Fi 


V~^+ 


(A3-1) 

(A3-2) 

(A3-3) 


(A3-4) 


(A3-5) 


(A3-6) 


(A3-7) 
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(A3-8) 
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and the phase angle between the primary current and primary voltage is 



1 

— tan * — 
I 


(A3-9) 


For medium-sized and larger machines the term —j{ri/x\) can be neglected in E<i. 
(A3-4). Then 

r/ 

^ = J"! + (1 + Ti) — > m = Xt (A3-10) 

8 


Ff)r larger values of s the main flux is small and gm ~ 0. Thus the inrush (starting cur¬ 
rent) of tlie induction motor 


— Vi 


1 + T2 

VrJTx? 


(A3-11) 


tan ~ 

Tt 


(A3-12) 




APPENDIX 4 


(To Art. 27-1) 


Derivation of the Circle Diagram of the Pol 3 rphase Induction Motor, th(' aid of 
Eqs. A3-4, AS-f), and A3 d, Hij. A3-2 for the primary current of the polypliase in¬ 
duction motor can be written as 

_ __ {pm — -f [(1 4- Tj ) 4- 
Vi ro' [(1 d- n) “ jri6„J 4- [ri (1 + 4- 



Vi will be assumed in the real axis (axis of ordinates). Then Vi = Fi. With the 
abbreviations 


r2 (gm “ jhm) = A (1 + T 2 ) 4“ jgmX2 = B 

^2^ [(1 4- ri) — jribm] = C Ti (1 4" T 2 ) 4” jxt = D 

Eq. (A4-1) becomes 

Ii __ A 4“ Bs 

Fi cTlDa 


(A4-2) 


(A4-3) 


In order to determine the radius and the coordinates of the center of the circle, 
Cartesian coordinates J and 77 (Fig. A4~l) will be introduced in such a manner that ( 
coincides with the imaginary axis and rj with the real axis. (Contrary to the text, 
Art. 27-1, where the symbols x' and ?/' are used for the Cartesian coordinates, here the 
Bjmbols { and rj are used in order to avoid confusion with the reactances xj and x/.) 
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With these coordinates 


Rewriting Eq. A4-3 


Ii = 

Vi * 7, = 7i 

(IiC - 7iA) = (FiB - IiD)« 


From Eq. A4'2 


A = A, -H 

C = C,4-A 


B = R, + jB^ 
D = D, -f jDf 


(A4-4) 


(A4-5) 


(A4-6) 


T2gm = A„ (1 4 - T2) = Bit, r2'(l 4- Ti) = n (1 4- ^’2) = -D, ^ 

(A4~/) 

~ A{, —T^Tibrn = Xt = 

Inserting Eqs. A4-4 and A4 -6 in Eq. A4~5 and separating the real terms from the 
imaginary, two equations are obtained: 

nC, 4 - - FiA, = (FiR, - 7 ,D, - {Df)s 

(A4~8) 

7)(\ — {C, — FiA| = (FiRj — 4 - 

Elimination of the slip « from these equations yields the equation of a circle in Cartesian 
coordinates with the coordinates of the center {intic) and the radius Rci 


(A4-8) 


"• - ^/l 


(A 4 -> 9 ) 


(A4-10) 


ai = A(Bp — Ai,B(, ag == (R,C, 4 - B(C() — (A„D^ 4 * A(D() 

a 2 = C,D^ - QD„ a 4 = (A,D( - A^D,) - - B^C,) 

The angle a (Fig. A4-1), between the axis of abscissae and the line OC which con¬ 
nects the origin with the center, is according to Eqs. A4-7, A4~9, and A4-11 

ffr 2ri(l 4“ To) 2ri 

tan « = •:-==--— = --, (A4-12) 

{c Xtn 4" 2xt x,n[l 4* 2 ti 4~ T 2 ] 


wherein Xm is substituted for I/6m (see Eq. 25-7). 

In the problems encountered in practice, the no-load point and the locked rotor 
point (« = 1) of the circle as well as the motor parameters arc given, either by test or 
by computation. From these points and the angle a the circle can be drawn. 
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Fig. A5-1. Magnetization cur\"es for transformer steel and dynamo steel. 
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Fig. A5-2. Magnetization curves for dynamo steel. 
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Fig. A5-3. Magnetization curves for cast iron, steel castings, cold-drawn annealed steel, and hot-rolled steeL 
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Fio. A5-4. CO-cycle loss curves for transformer steel and dynamo steel. 
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LIST OF SYMBOLS 


Af a 

A area 

AT ampere turns 

a numl)er of paths in d-c armature 

a transformation ratio of transformer 

B,b 

flux density 
flux density in air gap 
flux density in teeth 
flux density in yoke 
flux density in pole 
width 

effective width 
\Nndth of ventilating duct 
pole face width 
main flux susccptance 


C, c 


constant 

effectiveness factor in direct axis of salient pole synchronous 
machine. 

effectiveness factor in quadrature axis of salient, pole synchronous 
machine. 

D,d 

diameter 
inside diameter 


E, e 

effective value of induced emf (a-c) 
induced emf (d-c) 
primary induced emf (transformer) 
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El stator induced emf per phase (induction motor) 

E2 secondary induced emf (transformer) 

rotor induced emf per phase (induction motor) 

E2 E2 referred to primary winding (transformer) 

E2 referred to stator (induction motor) 

Ec emf induced in coil 

Ef emf induced in armature of synchronous machine l)y field flux 

Er emf due to rotation 

Et emf due to transformer action 

/^d-c d-c emf of synchronous converter 

a-c emf of synchronous converter 
Eq cinf at no-load, d-(^ machine 

E2n cinf induced in rotor by rotating flux (induction motor) 

E28' referred to stator 

ii’avR average value* of (‘mf 

Em maximum value of emf 

Eni stator induced emf (resolver) 

E^2 stator induced emf (resolv(‘r) 

Er\ rotor inducexl ('rnf (resolver) 

Er2 rotor induced emf (n\solver) 

c instant aneous induced emf 

(\ (anf of self induction (instantaneous value) 

Ci tninsformer emf (instantaneous value) 

Cr resultant of and Ct (commutator ma(*hine) 

FJ 

F force 

F amplitude of mmf 

/ mmf 

/ force on a conductor 

/ frequency in cycles per second 

fn frequency of a-th harmonic 

fn natural frequency of oscillation 

/i line frequency 

/2 rotor frequency in induction motor 

G, g 

g air gap length 

gm main flux conductance 


H 

HP 

h 


magnetizing force 

horsepower 

height 


H,h 



LIST OF SYMBOLS 


183 


effective' value of current (:i-c ) 
arinatuiv current ul-c iiuichine) 
arniaturt' currtMit (^synchronous machine) 
held current 

maximum value of curn'tit (a-c) 
magnetizing current 
normal or rati‘d current 
no-load curn'iit 

reactive coinpoiu'ut of magnetizing current 
hysteresis and (‘ddy curnait component¬ 
primary current (transformer) 
stator phase curn'iit (induction motor) 
secondary cui-rent (t ransforiiK'i*) 
rotor ])hase (‘iirrent (induction motor) 

/o r(‘f('rr('(l to primary (transforme'r) 

1 2 reh'rred to stator (inductitm motor) 
sliort circuit current 
lock(‘d-rotor current 
liiK' current 

output component of current (induction motor) 
forward rotor current (single phas(‘ motor) 
backward rotor curn'iit (single pliasi' motor) 

J^j r(‘f(‘rr(‘d to stator (single phiusc' motor) 

1 2}. n'fern'd to stator (single phas(' motor) 
main winding cun'ent (single phase motor) 
starting winding current (single' phase motor) 

comiionent of aimature curn'iit in phase with Ej (salient pole 
sn c 1 n’( )n ()us 111ac 1 1 i ne') 

comiioiient of armatun' current in (juadrature with Kf (salient polo 
synclironous machine) 
dire'ct current of synchronous ce)nv(*rt(*r 
alternating current- of synchronous conv(*rt(‘r 
slif) ring current of synchronous convertc'r 
interpole current 
minimum current 
maximum current 
installtMneons cAi rrent 
current per path in d-c armature 

J 

polar moment of inertia 

K,k 

numlier of commutator bars 
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ki stacking factor 

kp pitch factor 

kpi pitch factor for fundamental 

kpi stator pitch factor (induction motor) 

kpn pitch factor for n-th harmonic 

kd distribution factor 

kd\ distribution factor for fundamental 

kdi stator distribution factor (induction motor) 

kdn distribution factor for n-th harmonic 

kp2 rotor pitch factor (induction motor) 

kd2 rotor distribution factor (induction motor) 

kdp winding factor 

kdpn winding factor for n-th harmonic 

k, saturation factor 

kwM winding factor (main winding, single phase motor) 

kws winding factor (starting winding, single phase motor) 

L, I 

L length 

L C(K*fficient of self-inductance 

Lii coefficient of s(jlf-inductancc due to primary or stator leakage flux 

L21 co(‘ffi(*ient of s(^lf-inductance due to secondary or rotor leakage flux 

L21* L21 ref(MT(*d to primary or stator 

Lm ccx'fFicieut of self-inductance due to main flux 

I length 

Ic lengtli of core 

le ('fTect ive or ecpiivalent length 

ly lengtli of yoke 

Ip length of pole 

If length of teeth 

My m 

M coefficient of mutual inductance 

Ma armature mmf 

. M / field mmf 

Mr resultant mmf 

Mad armature mmf in direct axis 

Maq armature mmf in (|uadrature axis 

Md resultant mmf in direct axis 

m number of phases 

m\ number of primary or stator phases 

m2 number of secondary or rotor phases 

.V, n 

N turns 

Na numl>er of aimature turns (d-c machines) 
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Na turns per phase (pol>T)hase machines) 

Nc turns per coil 

turns per winding element 
Ne effective number of turns 

number of primary turns (transformer) 
number of stator turns per phase (induction motor) 
A'2 number of secondary turns (transformer) 

number of rotor turns per phase (induction motor) 
N / shunt field turns per pole 

Ns number of turns on starting winding 

Nm number of turns on main winding 

tie turns per coil 

n, conductors per slot 

n rpm 

Tin normal or rated speed 

no no-load speed 

n* S3mchronous speed 

Ur rotor speed 

p,p 

P power 

Pco copper loss 

Pe eddy current loss 

Ph hysteresis loss 

Ph-\-e hysteresis plus eddy current loss 

Pir.rot iron loss due to rotation 

Prot.f power of rotating field 

Pf-^w friction and windage loss 

Pm.dev mechanical power developed 

Pm.dei mechanical power delivered 

Pbc short circuit power input 

Pl locked rotor power input 

Po no-load power input 

Pinp power input 

Poutp power output 

p instantaneous power 

p number of poles 

Q, q 

Q number of slots 

Q\ number of stator slots 

Q2 number of rotor slots 

qi slots per pole per phase (stator) 
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R 

R 

Re 

Rec 

Rl 

Re 

Rz 

Rz' 

r 

Ta 

T, 

Ti 

r/ 

ri 


r2 


r 2 




slots per pole per phase (rotor) 

R,r 

resistance 

radius 

eff(H; tive resistance 
short>-cir(*uit resistance 
lock(‘d-rotor resistance 
startinj^ resistance 
load resistanc(^ (transformer) 

R2 in t(‘riTis of j:)i imary 
resistances 

arinat ures resistMiices 

conipensatinp; winding resistance 

inter{)olo windinji; resistance 

fi(‘l(l winding r(*sistance 

primary r(‘sistanc,(' (transformer) 

staior resistance per phase' (induction motor) 

se'condary r(\sistance (transformer) 

rotor resistance' per phase (induct iem motor) 

ro referrenl te) primary (transforine'r) 

To r(*ferr(*d to stator (induction motor) 
main flux n'sistaiu'e 


*S, s 

SCH. she)rt circuit ratio 

s slip 

Sn iHjrmal slip 

Sf,o pull-out slip 

So slip with respect to backward rotating flux 


T.t 

T period in se'conds 

T tor((ue 

Tc period e)f e'ommutation in seconds 

Tf forward tore|ue 

To backwarel tor(|U(* 

Tt synchronizing tor(|ue 

Tf periodic torejiu' variation 

t time in seconds 

V effe'ctive terminal ve)ltage (a-c) 

Vie line tterminal voltage 
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locked-rotor termimil volt ago oiuluction motor) 

short-circuit terminal voltage {transformer) 

primary terminal voltage 

stator terminal voltage per phase 

secondary t('rminal voltage 

rotor terminal voltage per phase 

1^2 r(*f(ared to primary 

V'2 ref(‘rred to stator 

secondary terminal voltage of induction voltage ngulatoi 

normal or rated terminal voltagt' 

d-c terminal vtiltage of synchronous con\(‘rt('r 

a-c terminal voltage of synchronous con\ <M t(‘i 

slip ring terminal voltage of synchronous converter 

velocity 

instantaneous Uvrminal voltage* 


\\\ w 

coil width 

A',x 

reactance 

ecpiivalent reactance 

load reactance in primary t(*rms (transform(T) 

short-circuit redactance 

locked-rot.or r(*actance 

distance 

reactaiK^e 

primary leakage* re*actance (transforme*r) 

stator leakage re*actance pe:^r phase (ineluction me)t,or) 

secemdary leakage re'actance (transfe)rme*r) 

rotor leakage reactane*e per phase* (indue-tion rnejtor) 

X2 in primary terms (transformer) 

X2 in stator terms (indue*tie)n rne)te>r) 
main flux reae*tane*e 

leakage reactance (synchremems machine) 
direct axis synchronous reactanea* 

(|uadrature axis synchremous reactance 
armature reaction reactance in direct axis 
armature reaction reactance in e|uadrature axis 
field winding reactance 
compensating winding reactance 

Y,y 


admittance 

main flux admittance 
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y 

V 

Vb 

y/ 


z 

z 

Zi 

Z2 

Z2' 


Ze 

z„ 

Zl 

Z, 

Zt 

Za 


a 

a 

ott 


e 


A 

A 

A 

6 


c 

€ 

r 


distance 
winding pitch 
back pitch 
front pitch 


Zf z 

impedance 

number of conductors 
main flux impedance 

primary winding impedance (transformer) 
stator impedance per phase (induction motor) 
secondary winding impedance (transformer) 
rotor impedance per phase (induction motor) 
Z2 referred to primary (transformer) 

Z2 referred to stator (induction motor) 

equivalent impedance 

shorWircuit impedance 

locked-rotor impedance 

impedance (forward, single phase motor) 

impedance (backward, single phase motor) 

direct axis s)mchronous impedance 

Alpha 

ratio of pole arc to pole pitch 
angle 

angle between slots 


Beta 


angle 


Delta 

lamination thickness 

increment 

delta connection 

torque angle (synchronous machine) 


Epsilon 

voltage regulation 
voltage drop 


Zeta 

amplification factor (hunting, synchronous machine) 

Eta 




efficiency 
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M 


p 


<fh 

Oe 


T 

T, 

T«- 


Tl 

T 2 


<*>1 

4>/i 

% 

*p 

^0 

<P2 


4'29 


n 

U) 


permeability 

resistivity 


Mu 

Rho 


Sigma 

hysteresis loss constant 
eddy current loss constant 


Tau 

pitch 

pole pitch 

slot pitch 

commutator pitch 

primary leakage coefficient 

secondary leakage coeflScient 

Phi 

flux per pole 

total primary flux 

total secondary flux 

primary leakage flux 

secondary leakage flux 

field flux 

direct axis flux 

quadrature axis flux 

interpole flux 

power factor angle 

no-load power factor angle 

primary power factor angle (transformer) 

secondary power factor angle (transformer) 

locked rotor power factor angle 

Psi 

angle between /« and E/ (synchronous machine) 
angle between 8E2 and /2 in rotor of induction motor 

Omega 

mechanical angular velocity 
electrical angular velocity 



CONVERSION TABLE 


Midtiply 


to obtain 

Centimeters 

0.3937 

Inches 

Centimeters 

0.01 

Meters 

Circular mils 

0.7854 X 10-« 

Square inches 

Square centimeters 

0.1550 

Square inches 

Square (‘(^ntimetcMs 

10 

Square meters 

S(juare inches 

6.45 

Square centimeters 

Dynes 

10-^ 

Newtons 

Dynes 

2.25 X 10 " 

Pounds 

Dyne-(H;nti meters 

10-’ 

Newton-meters 

Dyne-centimeters 

7.38 X 10 " 

Pound-feet 


10"'' 

Joules or watt-seconds 

Joules 

0.738 

Foot-pounds 

Foot-pounds 

3.77 X 10-’ 

Kilowatt hours 

Kilovvatt-liours 

3413 

B.T.U. 

Kilowatt-liours 

1.34 

Horsepower-hours 

Kilowatt-hours 

3.6 X 10* 

Joules 

Kilowatt-liours 

860 

Kilogram-calories 

Foot-pounds per second 

1.3.5C X lO-’ 

Kilowatts 

Horsc^power 

746 

Watts 

Abampercs 

10 

Amperes 

Abvolts 

10 * 

Volts 

AboVims 

io-« 

Ohms 

Ohm-centimeters 

0.01 

Ohm-meters 

Ohm-eentim(‘ters 

6.02 X 10* 

Ohms ^‘per mil foot” 

Kilolines 

1000 

Maxwells (lines) 

Maxwells (lines) 

10" 

W ebers 

Gausses 

6.45 

Lines per square-inch 

Gausses 

10-^ 

Webers per square-centimeter 

Amperc-tVirns 

1.257 

Gilberts 

Ampere-turns per inch 

39.37 

.\mpere-turns per meter 

Ampere-turns per inch 

0.495 

Oersteds 

Abhenries 

10-» 

Henries 

Abfarads 

10» 

Farads 


4W 
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ANSWERS TO PROBLEMS 


The answers given below are, in many cases, determined on the basis of infor¬ 
mation obtained from plotted curves, sometimes requiring interpolation or 
extrapolation. The student should not expect to arrive at exactly the same result 
in all cases. 


CHAPTER 1 

1. 0.096 

2. 41.67 fpm 

3. 225 rpm 

4. 0.0015 V 

5. 292 turns 

6. 22.6 V, 14.4 V 

7. 200,000 maxwells, 3.33 v, 7.5 v 

8. 2.8 V, 1.4 V 

9. 7.07 V 

10. 2040 rpm 

11. 320,000, 2 V, 1.6 V, 0 v, 2.52 v 

12. 3.2 X 10®, 3.2 mh 

13. 12.8 X 10®, 12.8 mh 

14. 0.283 h, 0.488 h 

15. 2450 V 

16. 5250 V 

17. 5 h, 40 joules, 80 v 

18. 30 h 

19. 60 X 10», 240 X 10®, 85.7 h 

20. 362 V 

21. 1280 

22. 2260 

23. 680, -300 

24. 4.0, 7.2, 12.3, 20, 24 amp 

25. 135 lines/sq in., 85,000 lines/sq. in 

26. 100 kilolines per sq in., 315,000 max¬ 
wells 

27. 46,000 maxwells, 13,100 lines/sq in, 

28. 9350 gausses, 60,300 lines/sq in. 

29. 0.213 amp 

30. 0.685 lb, 0.441 lb ft 

31. 2.98 lb ft 

32. 2.11 lb ft 

33. 1.49 lb ft 

34. 9420 lines/sq in. 
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^TI APTER 3 

1. 216 bars, 216 bars, both symmetrical 

2. 240 V, 480 V 

3. 720 V, 3:1 

6. 4, 180 bars 

7. 860 ri)in 

8. simplex lap, yb — 48 bars, 2 // = 47 
bars 

9. 0.0469 

10. yes 

11. simplex lap, - 2b slots, y/ 24 
slots 

12. 400 amp, 85.3 kw 

13. 0.897 X 10® maxwells 

14. 68.2 lb ft 

15. 1970 lb ft 

16. 3990 lb ft 

17. 571 lb ft 

CHAPTER 4 

1. 100% voltage, AT/pole = 3160 

2. 100% voltage, AT/pole = 4250 

3. 100% voltage, AT/pole == 3850 

4. 100% voltage, AT/pole = 1430 

CHAPTER 6 

1. 249.8 v 

2. 260 kw 

3. 1530 lb ft 

4. 0.957 

5. 93.7 lb (for 90% efficiency) 

6. 1530 lb ft 

7. 17.6% reduction 

8. 385 V 

9. 180 v (external resistance zero) 

10. 231 V 

11. 350 V 
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12. 3.85 amp; 5.55 amp 

13. 50.8 ohms, 630 v, 0.05 

14. 12.3 ohms, 626 v, 0.043; 89 ohms, 

640 V, 0.067 

15. 597 V 

16. 595 V 

17. 67,000 lines/sq in. 

18. lap winding, 7.5 X 10* maxwells, 
281.6 lb ft 

19. 146 ohms, 1845 AT, 1080 AT, 337 v, 
2.31 amp, 3160 AT 

20. 76 ohms, 303 v 

21. 280 V 
22 3 

23 ! (a) 339, 1161; (b) 555 v 
24. 230.4 V, 480 kw, 120 kw, 2080 amp, 
520 amp 

CHAPTER 7 

1. (a) 1885 rpm, (b) 1925 rpm, (c) 67,4 
lb ft 

2. (a) 1710 rpm, (b) 1755 rpm, (c) 61.5 
lb ft 

3. 69.8 amp, 0.922 amp 

4. 71.6 amp, 14 turns 

5. (a) 1920 rprn, (b) 73.2 amp, (c) 0.965 
amp 

6. (a) 1752 rpm, (b) 80.1 amp, (c) 0.812 
amp 

7. (a) 1896 rpm, (b) 1840 rpm, (c) 70.2 
lb ft 

8 . (a) 1715 rpm, (b) 1655 rpm, (c) 65.2 
lb ft 

9. 0.248 ohm 

10. 1590 rpm, 68 lb ft 

11. 1747 rpm, 68 lb ft 

12. 17.9, 35.8, 53.7, 71.6, 89.7 lb ft, 1778, 
1769, 1750, 1739, 1720 rpm 

13. 0.878 

14. 1885 rpm, 246 volt 

15. 1510 rpm. 71.3 lb ft 

16. 18.2, 36.7, 55.7, 75.0, 94.6 lb ft; 1752, 
1717, 1684, 1660, 1620 rpm 

17. 39.3 amp 

18. 37.7% 

19. 4.27 ohms 

’20. 17.35 lb ft, 0.792 

21. 7.16 amp, 12.1 ohm 

22. 153 lb ft, 0.745 ohm 

23. 2.84 amp, 4.96 lb ft 

24. 1272 rpm, 1030 rpm 

25. 49.0 lb ft, 1550 rpm 

26. (a) 1925 rpm, (b) 1650 rpm 


28. 14.3% increase 

29. 16 amp, 1000 rpm, 766 lb ft 

30. 862 rpm, 868 lb ft 

31. 0, 365, 662, 908, 1112, 1290, 1530 

32. 850 rpm 

33. 1235 rpm 

34. 94.2 amp, 232 lb ft 

35. 232 lb ft, 942 rpm 

36. 49.9 amp, 53.1 lb ft 

37. use 50 HP motor; 168 amp 

38. (a) 33.8 HP, (b) 51 amp, (c) 98 ^ 

CHAPTER 8 

1. 11.86 X 10“®8ec, 5.05 X 10®amp/sec 

2. 18.1 X 10“*sec, 2.76 X 10® amp/sec 

3. 20.2 X 10“® sec, 0.624 X 10® amp/sec 

4. 10.8 X 10~® sec, 96.5 X 10® amp/sec 

CHAPTER 10 

1. 5400 lb ft, 0.912 

2. 0.921 

3. 0.945, 0.911, 0.920, 0.916, 0.912 

4. 553 HP, 0.86 

5. (a) 0.788, (b) 9790 w, (c) 9.72 amp 

CHAPTER 12 

1. 79.5 w, pf = 0.476, 94,000 lines 

2. 73,200 lines/sq in., 1.30 amp (assum¬ 
ing 0.0015" air gaps) 

3. 544 turns 

4. 1098.5 V, 109.85 v, 5.15 X 10® max¬ 
wells 

5. 1098 V, 1098 V 

6. pf = 0.290, 2299 v, 0.0870 amp, 0.287 
amp 

7. 13^ turns, 110 turns, 240 sq in, 

9. 0.214 amp, 1.22 amp, 1.24 amp, 

pf = 0.172 

10. 0.418 amp, 2.44 amp, 2.48 amp, 
pf = 0.172 

11. 0.836 amp, 4.88 amp, 4.96 amp, 
pf = 0.172 

CHAPTER 14 

1. 41.4 amp, 0.996, 0.895 amp, 0.950 

2. 6.48 amp, 0.995, 0.255 amp, 0.982 

3. 44.5 amp, 0.866, 0.92 amp, 0.984 

4. 14.85 amp, 0.77, 0.389 amp, 0.989 

CHAPTER 17 

1. ri « 6.80, r/ = 3.73, Xi = = 11.15, 

rm “ 77.6, Zm = 2440 ohms 

2. ri « 9.55, r,' = 5.35, xi =« x,' - 32.8, 

— 8600, Xm » 32,400 ohms 
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3. Ti 0.191, T2 =* 0.106, Xi ~ *2^ = 
1.24. r** = 112.4, Xm — 885 ohms 

4. 0.0227, 0.972 ; 0.0454, 0.966; 0.968, 
0.975, 0.975; 0.960, 0.970, 0.970 

5. 0.0123, 0.978 ; 0.0387, 0.973; 0.955, 
0.973, 0.978; 0.944, 0.966, 0.971 

6. 0.00955, 0.987 ; 0.0451, 0.983; 0.976, 
0.985, 0.988; 0.970, 0.981, 0.983 

7. 0.0745, 0.0775, -0.00142 

8. 0.0148, 0.0444, -0.0211 

9. 0.00722, 0.0241, -0.0127 

10. 0.0109, 0.0382, -0.0212 

11. 0.0105,0.0212, -0.00444; 0.980,0.975, 
0.975 

12. 0.971 

13. 0.986 

14. 0.167,0.0359, -0.00940; 0.975, 0.968, 
0.968; 0.947, 0.965, 0.970, 0.966 

16. 235.3 V 

CHAPTER 18 

1. (a) 7620/220 v, 437/15,100 amp, 

3333 kva, a = 34.6 

(b) 7620/127 V, 437/26,200 amp, 
3333 kva, a = 60 

(c) 13200/127 V, 252/26,200 amp, 
3333 kva, a = 104 

(d) 13200/220 V, 252/15100 amp, 
3333 kva, a = 60 

2. Ni = 34.1, Aa = 29.6 

3. (a) 6600 V, 15.1 amp 

(b) 120 V, 832 amp 

(c) 55 

4. Primary 6350 v, 30.8 amp 
Secondary 1100 v, 179 amp 

5. Primary 11,000 v, 17.8 amp 
Secondary 635 v, 309 amp 

6. Primary 11,000 v, 17.8 amp 
Secondary 1100 v, 179 amp 

8. (a) 947 amp, (b) 17.2 amp, /une = 

29.8 amp, (c) 0.998 lagging 

9. 2660/440 v, 2.62/158 amp, 69 kva, 
o = 60.5 

10. (a) 33.3 kva, 28.8 kw, (b) 33.3 kva, 

28.8 kw, (c) 71 kva, 68.8 kw 

11. Main: a = 10.46, Pri. 176 kva. Sec. 
204 kva 

' Teaser: a = 12.1, Pri. 176 kva. Sec. 
204 kva 

12. Main: 150 kw, Teaser 150 kw 

13. Main: 1100/220 v, 29.2/126 amp 
Teaser: 952/220 v, 29.2/126 amp 

14. (A) 75 kw, 0.866 pf, (B) 75 kw, 0.866 
Pf 


15. (A) 100 kw, 1.0 pf, (B) 50 kw, 0.50 pf 

16. Main: a » 5, 1100/220 v, 524/2620 
amp 

Teaser; a « 5, 952/191 v, 524/2620 
amp 

17. 115 V, 120® 

18. Main: Pri. 26.9 kva. Sec. 23.3 kva 
Teaser: Pri. 23.3 kva. Sec. 23.3 kva 

19. 79.6 kw 

20. 58.4 kw 

21. For 625-v converter: 

Pri. 11,500 V, 25.1 amp, 166.7 kva, 
o = 26 

Sec. 442 v, 377 amp, 166.7 kva 

22. Pri. 11,500 v, 25.1 amp, 166.7 kva, 
a = 30.1 

Sec. 382 V, 218 amp, 166.7 kva 

23. Pri. 11,500 v, 25.1 amp, 166.7 kva, 
a = 52 

Sec. 221 v, 377 amp, 166.7 kva 
CHAPTER 19 

1 . (a) I: 0.025, 0.01, 0.0229; 121, 48.4, 

111 ohms 

II: 0.035, 0.008, 0.0341; 33.9, 
7.74, 33.0 ohms 

(b) I: 0.980, 0.976, 0.976 
II: 0.985, 0.980, 0.980 

(c) I: 0.0103, 0.0218, -0.00545 
II: 0.00858, 0.0271, -0.0136 

2. I: 250 amp, 109 kw, 0.989, 0 
II: 890 amp, 391 kw, 0.999, 0 

3. ' I: 250 amp, 96.2 kw, 0.876, 0 

II: 890 amp, 303.8 kw, 0.775, 0 

4 . I: 290 amp, 1646 kw, 0.860, 0 
II: 241 amp, 1330 kw, 0.837, 0 

5. I: 54.5 amp, 121 kw, 0.964,1.32 

amp 

II: 221.5 amp, 448 kw, 0.878, 
1.32 amp 

6. I: 56.4 amp, 124.5 kw, 0.958, 0 
II: 219.5 amp, 444.5 kw, 0.880, 0 

7. Losses (Problem 5) =* 1.02 Ivosses 
(Problem 6) 

CHAPTER 20 

1 . (a) 12/11, 11; (b) 183.3, 200, 16.7 
amp; (c) 40.3 kva; (d) 3.67 kva 

2. 60 kva, 36.4, 45.5, 9.1 amp, 50 kva, 10 
kva 

7. 2 autotransformers; (a) 208/230 cen¬ 
ter-tapped; (b) 180/230 V. 

8. 3 autotransformers; Pri. 133 v; Sec. 
taps + 150 V, —150 V 
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CHAPTER 22 

1. 2.66 X 10* maxwells, 1995 v 
2« hpi 0.259 kpii = 0.966 kp\z * 
-0.966 k^ * 0.259 km « 0.966 
kdu —0.966 

3. fcp6 0.174 kpi ~ 0.766 fcpu = 
0.766 kpiz « -0.174 kdt = 0.217 
ifcd7 » -0.177 kdii « -0.177 

ikdij « 0.217 

4. kpii =» 0.766 kpiz *= —0.174 = 

-0.177 kpiz « 0.217 

5. (a) 33.2 rms v, (b) 35.8 rms v 

6. 16 V, FF « 1.11, 15.4 V 

7. (a) 306 V, (b) 296 v, (c) 283 v 

8. 10,860 V 

CHAPTER 24 

1. 0.667, 1.0, 2.0, 3.33 cps 

2. (a) .s - 0.022, (b) 72® 

3. (a) 720 rpm, (b) 16 rpm, (c) 720 rpm, 
(d)0 

4. (a) kp « 0.966, ka = 0.958 
(b) 673,000 maxwells 

5. 2.14 

6. 0.865 V 

7. (a) kp * 0.940, kd « 0.960, 

(b) 512,000 maxwells 

8. 2.22 

9. 0.624 V 

CHAPTER 26 

!• Ipt “ 166 amp; T.t = 28.8 lb ft 

Ii « 21.2 amp, pf = 0.81, rj = 0.88, 
Td»r « 12.5 lb ft, Tdei = 11.7 lb ft 

2. /.t » 241 amp, = 78.2 lb ft 

Ii »= 32.7 amp, pf =* 0.85, rj = 0.87, 
Tdev « 39.7 lb ft, Tdei = 37.5 lb ft 

3. /,t = 144 amp, = 120 lb ft 
/i « 22.4, pf « 0.77, 71 - 0.90, 

Tdev « 74.5 lb ft, Tdei « 71.5 lb ft 

CHAPTER 28 

1. 10.1, 9.40, 8.85, 7.52, 5.53, 3.50, 
1.40. (p-u) amp 

0.616, 0.632, 0.668, 0.707, 0.791, 
0.867, 0.785 

2. 26.7, 28.2, 30.5, 31.2, 29.9, 23.1, 8.95 
lb ft 

3. 11.5, 10.8, 9.80, 8.55, 6.35, 4.05, 
1.65 (p-u) amp 

0.534,0.633,0.666,0.538,0.839,0.867, 
0.784 

4 . 8.58, 8.00, 7.53, 6.40, 4.67, 2.96, 1.21 
(p-u) amp 


0.618,0.634,0.670,0.707,0.790,0.869, 
0.786 

5. 35.6, 37.5, 37.3, 40.7, 41.3, 31.6, 12.0 
lb ft 

6 . 19.5, 20.3, 22.1, 22.7, 21.6,16.6, 6.5 lb 
ft 

8 . 7i (inrush) * 28.1 amp, Tdev = 30.4 
lb ft 

9. Ji = 4.15 amp, pf = 0.797, Tdey = 
8.66 lb ft, Pout = 279 HP, eff = 
0.828 

10. saturation factor 1.04, Spo = 0.324, 
Tpo = 31 lb ft 

11. (a) 1.25, (b) 2.42 ohms, (c) 0.64 

12. ri = 0.103, r/ = 0.143, Xi * 0.710, 

X 2 ' = 0.710, = 0.547, = 30.2 

(unsat) 

n = 0.103, ra' = 0.143, Xi = 0.54, 
X2 = 0.54, Tm == 0.547, Xm = 
30.2 

13. 567 HP output, eff 0.937, 127 amp, 
Tdev = 0.747 (p-u) 

14. 1195 amp, = 0.985 (p-u) 

15. 7.96, 7.78, 7.57, 6.65, 5.46, 4.27, 0.847 
(p-u) amp 

0.212,0.243,0.284,0.334,0.485,0.707, 
0.895 

16. 0.985,1.18,1.49,1.71,2.29,2.81,0.747 
(p-u) lb ft 

17. 9.16, 8.95, 8.62, 7.56, 6.25, 4.92, 0.97 
(p-u) amp 

0.218, 0.242, 0.282,0.333,0.483,0.722, 
0.893 

18. 6.77, 6.65, 6.40, 5.65, 4.68, 3.96, 0.806 
(p-u) amp 

0.221,0.243,0.284,0.333,0.502,0.691, 
0.924 

19. 1.32, 1.56, 1.93, 2.23, 3.01, 3.73, 0.970 
(p-u) lb ft 

20. 0.712, 0.855, 1.05, 1.22, 1.67, 2.39, 
0.687 (p-u) lb ft 

21 . 0.102, 2.81 (p-u) lb ft 

22. (a) 0.90 ohm per phase; (b) 0.46 
ohm per phase 

23. fi « 1.20, fa' = 0.72, xi * 2.31, Xt' - 

2.40, fm = 2.04, = 41.2 ohms 

(unsat) 

ri = 1.20, ra' = 1.01,*! » 1.80, * 2 ' * ' 
1.80, = 2.04, » 41.2 

24. 4.87 HP output, eff. 0.836, 1.36 (p-u) 
amp, 30.6 lb ft 

25. 8.33 (p-u) amp; 63.0 lb ft 

26. 8.33, 8.10, 7.74, 6.75, 5.29, 3.72, 1.36 
(p-u) amp 
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0.515,0.533,0.564,0.582,0,674,0.800, 
0.762 

27. 63.0 66.0, 74.0, 76.5, 83.8, 80.7, 30.6 
lb ft 

28. 0.157, 84.0 lb ft 

29. 9.63, 9.34, 8.90, 7.75, 6.08, 4.28, 
1.575 (p-u) amp 

0.516,0.533,0.563,0.584,0.672,0.800, 
0.758 

30. 7.06, 6.88, 6,56, 5.72, 4.50, 3,16, 1.16 
(p-u) amp 

0.521,0.535,0.559,0.585,0.675,0.800, 
0.759 

31. 81.9, 88.4, 89.6, 102, 112, 106, 41.1 
lb ft 

32. 43.9, 48.2, 53.8, 55.7, 56.5, 58.4, 22.1 
lb ft 

CHAPTER 29 

1. 12.1 ohms per phase 

2. 3.12 ohms per phase 

3. 63.9 lb ft (1.46 p-u) 

4. h = 5.63 (p-u), Tdev = 0.695 p-u = 
30.4 lb ft, no 

5. 15.9 ohms per phase, 1.073 (p-u) = 
15.8 amp, squirrel-cage motor, I = 
5.00 - 10.00 (p-u) 

6. Voltage ratio 3:2; Tat = 0.238 (p-u) 
130 lb ft 

7. 9.66 ohms per phase; 72 kw 

8 . r.t = 0.238 (p-u) 

9. 5.22 ohms per phase 

10. T.t = 0.238 (p-u) 

11. (a) 0.314; (b) 0.94 ohm per phase 

12. Tat (auto) = 16 X Tat (resistor) 

13. U = 66.6 amp; 0.956; 750 lb ft 
(2.5% rotational losses) 

14. 795 V (cos ^ = 0.90) 

15. approximately 246 v, 450 kva 

CHAPTER 30 

3. 87.25® 

4. 99.4®, 93.4® 

5. 110.8®, 116.3®, 121.8® 

6. 350, 110 V 

CHAPTER 32 

1. 7i = 3.1 amp, pf = 0.574, Tder 
13.6 02 ft, Tl * 12.2 02 ft, ly - 0.577 

2. 8.12, 7.45, 6.63, 4.47, 3.85, 3.20 amp 
0.795, 0.805,0.810, 0.768,0.716, 0.595 

3. 32.9, 34.2, 33.5, 25.7, 20.5, 13.8 oz ft 
0,166 HP, eff » 0.59 at « « 0.046 


5. ri == 1.71, fa. = 1.61, rj' « 1.22 ohms 
xi « 1.90, Xa, « 28.0, xj' « 0.95 

6. 7i * 4.86 amp, pf = 0.70, » 

18.0 02 ft, Tdoi = 16.02 02 ft, « 
0.642 

7. 14.8, 13.6, 12.1, 7.84, 6.50, 4.85 amp 
0.820, 0.835, 0.849, 0.S40, 0.812, 0.700 

8. 41.1, 42.6, 43.0, 33.4, 28.0, 18.0 oz ft 

9. fai = 2.77 ohms 

10. 7i = 2.54 amp, pf = 0.70, Tdav « 
9.32 02 ft, Tdei = 8.1 02 ft, n « 0.62 

11. 7.25, 6.67, 5.97, 3.96, 3.32, 2.54 amp 
0.795, 0.811, 0.827, 0.826, 0.798, 0.70 

12. 18.6, 19.4, 19.9, 16.3, 13.6, 9.32 oz ft 

13. ri = 2.44, fa, « 1.505, r/ = 1.796 
ohms 

xi = 2.57, Xm = 36.2, X 2 ' = 1.285 

14. 7i = 3.55 amp, pf = 0.675, Td*v * 
12.7 02 ft, Tdel = 11.62 02 ft, ij * 
0.661 

15. 10.35, 9.40, 8.34, 5.43, 4.56, 3.55 amp 
0.830, 0.844, 0.855, 0.827, 0.786, 0.675 

16. 29.4, 29.8, 29.9, 22.7, 19.0, 12.7 02 ft 

CHAPTER 34 

1. 8.90, 0.0906, 6S.4 lb ft, 0.882, 0.790 
4.25, 0.0533, 31.4 lb ft, 0.788, 0.779 
0.667, 0.0227, 4.78 Ih ft, 0.287. 0.470 

2. (a) 4130; (b) 4000; (c) 4320; 

(cl) 0.864; (e) 0.0315 (f) 16.15 

lb ft 

3. (a) 4975; (b) 4788; (c) 5220; 

(d) 0.857; (e) 0.0376; (f) 19.5 lb ft 

4. 0.895, 0.843 

5. 0.892, 0.895; 0.898, 0.910 

6. 449 HP, 0.928, 0.880 

7. 343 HP, 0.930, 0.864; 555 HP, 0.921, 
0.872 

CHAPTER 37 

2. (a) 5.50 ohms, 0.191 p-u; (b) 35 amp; 
(c) 31.3 ohms, 1.08 p-u 

3. 0.163, 0.263, -0.084 

4. 1.06, 0.92 

5. (a) 1.21 ohms, 0.15 p-u; (b) 194 
amp; (c) 11.1 ohms, 1.37 p-u 

6. 0.31, 0.02 

7* 0.73 0.83 

R. (a) 0.404 ohms, 0.15 p-u; (b) 371 
amp; (c) 3.68 ohms, 1.37 p-u 

9. 0.22, 0.31, 0.02 

CHAPTER 38 

1. 0.083, -0.181 



498 


ANSWERS TO PROBLEMS 


2. Zd •“ 1.26, Xad - 1.06, Xaq =* 0.61, 
Zg « 0.79 

3. (a) 7175; (b) sat. SCR = 0.89; un¬ 
sat. SCR = 0.80; (c) 0.122 at unity 
pt 

4 . Zi *= 0.861 ohm, 0.235 ivu, Ma = 3.2 
amp 

5. 0.252, 0.0236, 0.410 

6. Xd = 1.14, Xq = 0.944 p-u values 

7. Xad - 0.665 p-u = 7.48 ohms, Xaq = 
0.380 p-u * 4.35 ohms, SCR =1.12, 
178 amp 

8 . BC = 1910 V, CC" = 3030 v, ^ = 
56.r, 6 = 19.8®, MaCq = 68 amp, 
Cq = 0.504, Cd = 0.869 

9. 0.142, 0.261, -0.178 

10. 0.153, 0.272, -0.160 

11. 0.269 ohm, 0.271 p-u, 77 amp 

12. 0.125, 0.312, -0.0334 

13. SCR = 0.89, Xd = 1.12 (p-u), Zq = 
0.78 (p-u) 

14. 2.02 ohms, 0.262 p-u, 57 amp 

15. 0.176, 0.317, 0.0625 

16. SCR = 0.90, Xd * 1.11 p-u, Xq = 
0.71 p-u 

chaptp:r 39 

1. 47.6®, 46.0®, 42.7®, 40.8®; 1000 kw 

2. (a) 90.6, 88.9, 87.9, 87.5 amp 

(b) 0,965, 0.984, 0.995, 0.999 lag 

40.4, 8630 V 

3. 3320 V 

4. 62.2®, 58.1®, 54.5®, 51.6®; 1200 kw 
21.7®, 20.8®, 19.8®, 19®; 500 kw 

5. (a) 115.3, 111.6, 108.8, 107 amp 
(b) 0.910, 0.940, 0.965, 0.981 lag 

(a) 44.4, 45.5, 47.4, 49.7 amp 

(b) 0.985, 0.961, 0.923, 0.880 lead 
6* 1168 kw 

7. (a) 23,100 kva, (b )20,000 kw, 

(c) 11,550 kvar, (d) 10,650 v, 

(e) 21.8®, (f) 51.8® 

(a) 23,100 kva, (b) 20,000 kw, 

(c) 11,550 kvar, (d) 10,650 v, 

(e) 21.8®, (f) 51.8® 

8. (a) 0.561 lag, (b) 1564, (c) 7460, 

(d) 16.3®, (e) 72.2®, (f) 35,600, 
(g) 29,400 lag 

(a) 0.952 lead, (b) 921, (d) 31.8®, 

(e) 14®, (f) 20,950, (g) 6,400 lead 

9. (a) 25,550 kw, (b) 29,550 kva, 

(c) 14,800 kvar, (d) 1292 amp, 
(e) 0.866, (f) 11,660 v, (g) 25.5® 


(a) 10,460 kw, (b) 12,050 kva, 

(c) 6,000 kvar, (d) 528 amp, 

(e) 0.866, (f) 13,170 v, (g) 30.1® 

CHAPTER 43 

1. 0.955, 1650 amp/sq in. 

2. 133.6 amp, 0.964 

3. 113.7 amp, 0.960 

4. 96.4 amp, 0.950 

CHAPTER 44 

1. (a) 442, (b) 221, (c) 383 v 

2. (a) 837 amp, (b) 559 amp, (c) 280 
amp 

3. (a) 1086 amp, (b) 1100 amp, (c) 81.4 
V, 1100 amp, 89.5 kva, (d) 91.4 kw, 

6.92 amp, 13,200 v 

4. (a) 1086 amp, (b) 552 amp, (c) 162.8 
V, 552 amp, 89.5 kva, (d) 91.4 kw, 

6.92 amp, 13,200 amp 

5. (a) 1086 amp, (b) 552 amp, (c) 141 
V, 319 amp, 89.5 kva, (d) 91.4 kw, 

6.92 amp, 13,200 v 

6. (a) 1086 amp, (b) 1238 amp, (c) 81.4 
V, 1238 amp, 101 kva, (d) 93 kw, 7.83 
amp, 13,200 v 

7. (a) 1086 amp, (b) 619 amp, (c) 141 v, 
357 amp, 101 kva, (d) 93 kw, 7.83 
amp, 13,200 v 

8 . (a) 10,860 amp, (b) 5400 amp, (c) 
162.8 V, (d) 81.4, V (e) 81.4 v, (f) 33 
amp, (g) 57.1 amp 

9. Pri: 27,000 v, 6.93 amp, 186.5 kva 
Sec: 44.2 v, 4220 amp, 186.5 kva 
125 V, 122 V, 128 v 

10. Pri: 7620 v, 9.90 amp, 75.5 kva 
Sec: 442 v, 171 amp, 75.5 kva 

12. Pri: 1100 v, 131 amp, 144.5 kva, pf = 

0.866 

Sec: 141 v, 1023 amp, 144.5 kva 

13. Main: Pri: 1100 v, 131 amp, 144.5kva, 

a = 7.8, pf = 0.866 

Sec: 141 v, 512 amp, 144.5 kva 
Teaser: Pri: 951 v, 131 amp, 125 kva, 
a = 7.8, pf = unity 
Sec: 122 v, 512 amp, 125 kva 

14. Main: Pri: 1100 v, 114 amp, 125 kva 

Sec: 141 v, 512 amp, 144 kva 
Teaser: Pri: 1100 v, 114 amp, 125 kva 
Sec: 122 v, 512 amp, 125 kva 

17. 3 autotransformers Pri: 635 v. Sec. 
tap 81.4 V 

18. 3 autotransformers Pri: 635 v. Sec. 
taps +81.4 V, —81.4 v 
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CHAPTEB 46 

1 . 136,0 

2. 0, 84.8 

3. 14.95 lb ft 

4. 3200 total 

CHAPTER 47 

1. 4110 

2 . (a) 88.3, (b) 77.4 

3. (a) 132.7, (b) 144 

4. 0.95 lb ft 

5. 4.93, 150,000 

6 . 338,000 maxwells 

7. 48 V 


CHAPTER 49 

1. ^55%, 24 and 33 cps 

2 . Approximately 55% 

3. Yes. Approximately 217% 

CHAPTER 51 

1 . 0.0667 ohm per 1,000 ft, 156,000 cm, 
6 kw, 0.92 

2. 17.4 kw, 125 V 

3. 63.6 kw, 227 v, 552 w, 0.991,19,040 lb 

4. 157,000 cm, 475 lb 

5. 19,580 cm, 59 lb 

6 . 723,000 cm, 5220 lb 


7. Fi - 113.6 V, Vi = 108.8, Vv> - 
104.97, Vit = 103.1 V 


8 . 

Fi = Fi, = 122.25 V, Vi = Fi, « 


123.13, Vi * Vio = 124.1 V 


9. 

118 V 


10 . 

119.6 V, 112.8 V 


11 . 

121.6 V, 109.6 V 


12 . 

118 V 


13. 

174.3 V, 58.8 V 


14. 

120.1 V, 121.3 V, 241.4 V 



49.0 amp, 12.5 amp, 61.5 amp, 0 

.993 

15. 

144.9 /-25.9® amp, 87.0 /O®. 

76.6 


/-55.8*' 


16. 

144.9 /-26.9* amp, 108.6 /-36.8®, 


43.0 /2.53° 


17. 

129.3 /-4.59‘’ V, 117.5 /2.4r, ( 

}.989 

18. 

129.5 /-I.5” V, 125.4 7-1.5“ 


19. 

43.7 7 -28“ amp, 23.9 7 -58.4“, 

26.1 




20 . 

43.7 7 -28“ amp, 8.67 7 -29“, 

27.2 


7-36.9“ 


21. 

9300 cir. mils 


22. 

37,300 cir. mils 


23. 

6500 cir. mils 


24. 

205, 245, 288 amp; 72 amp 


25. 

50.9 amp 


26. 

68.9 amp 


27. 

89.0 amp 
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AI££ regulation, synchronous machine, 
353 

Air gap, 223, 227 
Air gap line, 73, 339, 346 
Air flow in d-c machine, 120 
Ampere’s law, 1, 130, 133, 470 
Amplid 3 me, 108, 109 
Angular velocity, 5 
Amplifiers, rotating, 107-112 
Armature reaction 
d-c machines, 55-59, 67 
brush shift, 58 
cross flux, 56 
distortion, 57 
demagnetizing flux, 56 
reduction in flux, 56-59 
single-phase commutator motor, 423 
synclironous machines, 343-353 
cylindrical rotor, saturated, 346 
cylindrical rotor, unsaturated, 343 
salient-pole, saturated, 362 
salient-pole, unsaturatcd, 359 
Armature windings, 30-48, 189-198 
d-c machines, 30-48 
lap, 30, 31, 34, 35, 36 
wave, 30, 31, 36, 37, 38 
a-c machines 
polyphase lap, 189-193 
pol 3 rphase wave, 193 
single phase, 193 
squirrel cage, 217, 220, 268 
Application of motors, 444-456 
Autosyn, 291 

Autotransformer, 181 (see Transformers) 

Balancer set 
Back pitch, 31 
Backward rotating flux, 301 
Biot-Savart law, 1, 471 
Brush rigging, 26 
Brush shift motor, 436, 439 

Capadtior motor, 319 


Capacitor-start motor, 318 
Chorded windings, 192, 211 
Circuital law, 1, 12, 50, 204 
Coefficient of self-inductance, 8, 133 
Coefficient of mutual-inductance, 9 
Commutation 
d-c machine, 98-104 
accelerated, 100 

accelerated by interpoles or main flux, 
102-104 
delayed, 101 

emf of self-induction, 101, 102 
emf due to armature flux, 101 
linear, 98, 99 
period, 98 

repulsion motor, 435, 

Schrage motor, 443 
series a-c motor, 429 
synchronous converter, 415 
Commutating flux, 102 
Commutator operation, 40 
Comp>ensating windings 
d-c machines, 57 
a-c machines, 423, 433 
Constant current transformer, 186, 467 
Converters, see Synchronous Converter 
Cooling 

d-c machines, 118 
induction motors, 326 
synchronous machines, 404 
transformers, 127 
Cores, transformer, 122-125 
Core loss curve, 480 
Counter-emf, 83 
Current transformer, 182 

Damping torques 
induction motors, 401 
synchronous machines, 400 
Damping winding, 331, 382, 385, 399 
Deep bar rotor, 2^ 

Differential compound generator, 79 
Differential compound motor, 88 
501 
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Differential leakage, 225 
Direct axis, 541 
Direct axis reactance, 343, 351 
Distributed windings, 30-40, 189-198 
Distribution factor, 200 
Distribution of power, 458-467 
d-c, 458 

single-phase, 464 
three-phase, 464-465 
two>phasc, 464 

Double squirrel-cage rotor, 218, 268 
Doubly fed motor, 287 
Dynamic braking, 88 
Dynamotor, 107 

Eddy-current losses, 114, 301 
Efficiency 
all-day, 160 
d-c machine, 86 

polyphase induction motors, 250, 266 
single-phase motors, 315 
synchronous machines, 404, 453 
transformers, 145, 156, 159 
Electrical neutral, 58 
Electromagnetic power, 84, 242, 370 
Eraf, average value, 4 
Emf, effective value, 6, 7, 200 
Emf of mutual induction, 8, 11 
Emf of rotation, 45, 83, 200, 419 
Emf of self-induction, 1, 8, 11, 101, 131, 
423 

Emf, sinusoidal, 5 
Emf, transformer, 227, 419, 420 
Emf maximum, 6, 7 
End winding leakage, 101 
Equalizer connections, 42 
Equivalent circuits 

polyphase induction motor, 238, 263, 
473 

single phase induction motor, 304 
synchronous machine, 340 
transformer, 142, 154, 155, 156, 175 
Excitation methods, 61-65 
compolind, 63 
separate, 61 
series, 61 
shunt, 62 

Exciters, synchronous machines, 33, 337 
External characteristics 
compound generator, 74 
series generator, 71 
shunt generator, 69, 72 
synchronous generator, 360 


Faraday’s law, 1, 7, 58, 82 

Fibreglas, 119 

Field construction, 25, 26 

Field excitation, 61-65 

Field winding, 25, 85 

Flash-over, 415 

Flux 

alternating, 204, 419 
backward, 301 
commutating, 424 
distribution, 4, 5, 47 
end winding, 101 
forward, 301 
interlinkage, 8 
rotating, 204 
transformer, 130, 148 
Force on conductor, 14, 471 
Forward pitch, 31 

Fractional HP motors, 27, 300, 432, 448, 
454-457 

Fractional pitch coils, 192 
Frequency, 6, 227, 232, 284 
Fundamental laws, 1, 18 

Generators, d-c, 66-79 
applications, 79 
compound cumulative, 74 
compound differential, 79 
distribution factor, 204 
external characteristics, 67, 71, 72, 74 
flux distribution, 47 
no-load characteristics, 67, 70, 71, 74 
regulation, 70, 73 
series, 70 
shunt, 71 

Generators, arc, see Synchronous generator 

Harmonica, influence of 
induction motor, 220, 270 
transformers, 205 
transformer connections, 161 
Harmonic leakage, 225 
Heating 

d-c machines, 118 
induction motors, 327 
synchronous machines, 404 
Hunting 

generators, 394-401 
synchronous motors, 394 
Hysteresis losses, 114 
Hysteresis motor, 391 

Induction motor, polyphase, 214-289 
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Induction motor, air gap, 223, 227 
brake operation, 246 
circle diagram, 253-260, 475-476 
construction, 254, 260, 475 
delivered mechanical power, 255 
developed mechanical power, 255 
maximum output, 256 
pull-out torque, 257 
torque line, 256 
slip line, 259 
cooling, 327 

double-cage rotor, 218, 268 
efficiency, 250, 266, 451 
electromagnetic coupling, 291 
end winding leakage, 225 
equivalent circuit, 238 
no-load, 263 
load, 238-241 
locked rotor, 264 
generator operation, 246 
harmonics, influence of, 270 
heating, 266, 327 
leakage fluxes, 225 
end winding, 225 
harmonic or differential, 225 
slot, 225 
tooth-top, 225 
locked rotor test, 264 
losses 

friction and windage, 242, 325 
harmonics, 243, 324 
load, 260, 324 
main flux, 243, 323 
rotation, 243 

magnetizing current, 226, 238 
main flux, 223 
admittance, 233, 238 
conductance, 238, 263 
susceptance, 238 
resistance, 238, 263 
reactance, 238, 263 
impedance, 233, 238 
main wave, 225 
mechanical elements, 214-223 
no-load current, 236, 262 
no-load test, 262 

imrameters of equivalent circuit, 262, 
265 

performance, equivalent circuit, 249- 
251, 270 

per-»unit values, 265 
phasor diagram, 237 
power balance, 242 


Induction motor, power de veiopc^d, 242,255 
power delivered, 244, 255 
power of rotating field, 242, 260 
pull-out torque, 246 
ratio of transformation, 227 
reduction factors, 230 
rotating flux, 204 
rotor 

construction, 214 
die cast, 217, 220 
deep bar, 268 
double cage, 218, 268 
polyphase winding, 234 
skin-effect, 268 
squirrel cage, 217 
wound, 216, 219, 225 
saturation, influence of, 269 
saturation factors, 275 
skin effect factors, 275 
slip, 231, 246, 440, 451 
special motors, 290-297 
speed control, 282-288 

by changing number of poles, 283 
double-feeding, 287 
Kramer cascade, 285 
rotor emf, 284 
Schrage, 439 

speed regulating set, 284, 287 
wound rotor, 283, 447 
speed-torque characteristics, 245, 270, 
282 

starting, 278-282 
auto transformer, 279 
reactor, 278 
resistor, 278 
wound rotor, 280 
stator, 214 

leakage reactance, 226, 230 
mmf distribution, 212 
windings, 189 
synchronous speed, 227 
torque 

delivered, 244 
developed, 228, 244, 260 
pull-out, 246, 266, 446, 451 
starting, 249, 266, 446, 451 
Induction motor, single phase, 300-322 
circle diagram, 305 
cooling, 327 
efficiency, 315 
equivalent circuit, 304-309 
no-load, 307 
load, 304 
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Induction motor, single phase, locked- 
rotor, 309 
heating, 327 
locked rotor test, 309 
lossee 

friction and windage, 308, 325 
load, 308, 312, 324 
main flux, 308, 323 
no~load, 311, 325 
rotor, 312 
stray load, 315 
magnetizing current, 307 
main winding, 193, 317 
main flux reactance, 308, 311 
resistance, 309, 312 
mechanical elements, 300, 322 
no-load current, 307 
no-load test, 307 
performance, 310-315 
repulsion induction, 321 
repulsion start, 321 
rotating dux, 209, 300 
rotor, 300 
split phase, 317 
starting, 317, 321 
starting winding, 317 
torque, 301 
torque, pull-out, 454 
torque, starting, 302, 318, 454 
Induction voltage regulator, 295- 
297 

polyphase, 296 
single phase, 295 
Inertol, 129 

Instrument transformers 
current, 182 
potential, 182 

Interpoles, 26, 104, 415, 430 
Insulating materials, 119 
Inverted converter, 407, 417 
Iron loss curves, 480 

Kramer cascade control, 285 
Kirchhoff's laws, 1, 9, 11 
d-c generator, 66 
d-c motor, 83 

polyphase induction motor, 226, 238, 
473 

single-phase induction motor, 303 
single-phase series motor, 428 
synchronous machines, 343, 346, 359, 
361 

transformers, 131, 139, 143 


Leakage flux 
d-c machine, 51, 101 
induction motor, 225 
transformer, 131 
Leakage reactance 
polyphase induction motor, 230, 269 
single-phase induction motor, 309 
synchronous machine, 349 
transformer, 131, 138 
Lenz's law, 1 

Load characteristics, 69-74 
compound generator, 74 
series generator, 70 
shunt generator, 69, 71 
synchronous machine, 348 
Load division 
d-c generators, 77 
synchronous generators, 375 
transformers, 177 
Locked-rotor test, 264, 309 
Loop distribution, 467 
Losses, d-c and a-c machines, 113-118, 
323-327, 402-404 

armature copper, 115, 260, 324, 402 
eddy current, 114 
field, 117 

friction, 116, 242, 325, 403 
hysteresis, 114 

main flux, 113, 243, 308, 323, 342, 402 
stray load, 117, 315, 404 
windage, 116, 242, 325, 403 

Magnetic circuit, 50-60 
d-c machine, ^-60 
induction motor, 222 
synchronous motor, 331 
transformer, 130, 148 
Magnetization curves, 447-449 
Magnetizing current 
polyphase induction motor, 226, 238 
repulsion motor, 434 
single-phase induction motor, 307 
transformer, 132, 139 
Magnetomotive force, 14, 205, 212, 228 
Main flux 
d-c machine, 21, 51 
polyphase induction motor, 225 
transformer, 131 
Main flux losses, 145, 243, 323 
Modulus of resonance, 399 
Moment of inertia, 397 
Motor application, 444-457 
characteristics, 444 
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Motorapplicatioii, load characteristics, 448 
types, 448 
Motors, d-c, 84-94 
compound, 88, 444 
series, 87, 444 
shunt, 84, 444 

speed control, 89, 90, 445, 447, 450 
types, comparison, 88, 444 
voltage variation, effect of, 89 
Mutual reactance, 12 

Neutral axis, 58 
Noise, 218 

No-load characteristics 
d-c machine, 55, 67, 70, 72 
synchronous machine, 339, 346 
No-load test 

polyphase induction motor, 262 
single-phase induction motor, 307 
transformer, 154 

Oil, insulating, 129 

Oil-cooled transfonner, 129 

Oscillations of synchronous machine, 395 

Parallel operation 
d-c generators, 77-79 
synchronous generators, 373-376 
transformers, 174 
Permeability, 13 
Per-unit parameters 
polyphase induction motor, 265 
synchronous machine, 377 
transformer, 156 
Phaser, definition, 6 
Pitch factor, 200 
Plugging, 248 

Polarity of transformers, 161-163 
lead designation, 161 
tests, 162 
Pole leakage, 52 
Pole pitch, 4, 30 
Position indicators, 294 
Potential transformer, 182 
Potier triangle, 347 
Power developed 
indt^btion motor, 242 
synchronous motor, 371 
Power factor correction, 386, 442 
Primary distribution, 4^ 

Pull-in torque, 416, 445, 446 
Pull-out torque, 246, 266, 446, 451, 453 
Pyranol, 129 


Quadrature axis, 358, 359 
Quadrature axis reactance, 361 

Ratio of transformation, 134, 137, 227 
Reactance, leakage 
polyphase induction motor, 230, 269 
single-phase induction motor, 309 
synchronous machine 
direct axis, 343, 351 
quadrature axis, 361 
transformers, 138 
Regulation, speed, 87, 450 
Regulation, voltage 
d-c generator, 67, 70, 73 
synchronous generator, 350-355, 364 
transformer, 146, 15o, 159 
Regulators, induction, 295-299 
Reluctance, 14 
Reluctance motor, 390 
Reluctance torque, 371, 390 
Repulsion motor, 321, 433 
Repulsion-start motor, 321 
Rotating amidifier, 107 
Rlieostatic speed control, 91 
Rotating fiux 
polyphase winding, 204 
single-phase winding, 209, 301 
Rotors 

cylindrical, 330 
salient i)ole, 329, 331, 332 
squirrel cage, 217, 220 
wound, 216, 219, 225 
Rototrol, 109-112 
Resolvers, 297 

Saturation curve, 477, 478, 479 
Saturation factors, 275 
Schrage motor (BTA), 439 
Scott connection, 168 
Secondary network, 466 
Self-synchronizers, 291 
Selsyns, 291 
Series distribution, 458 
Series generator, 70 
Series motor, a-c, 428 
Series motor, d-c, 87 
Shaded pole motor, 322 
Short-circuit characteristic, 347 
Short-circuit ratio, 351 
Short-circuit tests, 155 
Shunt generator, 71 
Shunt motor, 84 
Silicones, 119 
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Skewing, 211 
Skin efiFect factor, 275 
Skin effect losses, 117 
Skin effect rotor, 268 
Slot ripple, 115, 323 
Split phase motor, 318 
capacitor, 319 
capacitor start, 318 
resistor start, 318 
reactor start, 318 
Starting 
d-c motor, 85 

polyphase induction motor, 278- 
288 

single-phase motor, 317, 321 
synchronous motor, 386 
Surface losses, 115, 324 
Synchronizing generators, 375 
Synchroscope, 376 
Synchronous converter, 406-418 
armature winding, 406 
armature paths, 406 
armature reaction, 415 
commutation, 415 
comparison with d-c generator, 412 
comparison with m-g set, 417 
cross flux, 408 
current ratios, 410 
efficiency, 413 
field current, 408 
hunting, see Synchronous motor 
interpoles, 415 
inverted operation, 407, 417 
losses, 411 
o))eration, 416 
parallel operation, 410 
power factor, 408 
starting, 416 

taps on winding, 410-412 
transformers, 164-171 
voltage regulation, 415 
voltage ratios, 409 
wave sliapes, 411 
Synchronous generator 
AI£E regulation, 353 
air gap line, 339, 347 
armature reaction, 344, 360 
armature winding, 1S9-193 
construction, 329-337 
cooling, 404 

cylindrical rotor machine, 333 
damping, 331, 332, 399 
direct axis mmf, 341, 358 


Synchronous generator direct axis syn¬ 
chronous reactance, 343, 351 
effectiveness factors, 358, 359 
efficiency, 404 
equivalent circuit, 340 
external characteristic, 360 
excitation, 333, 337 
heating, 404 
hunting, 394-401 
leakage reactance, 349 
losses, see Synchronous motor 
main flux reactance, 340, 341, 360 
main flux path, 331 
mmf, resultant, 345 
mmf, armature reaction, 344, 360 
no-load characteristic, 339, 346, 347 
oscUlations, 395 
parallel operation, 373-376 
circulating current, 375 
synchronizing, 375 
per-unit quantities, 377 
phasor diagrams, 345-347, 359-363 
Potier triangle, 347 
power balance, 370 
power of rotating field, 370, 371 
quadrature axis mmf, 341, 358 
quadrature axis synchronous reactance, 
361 

regulation, voltage 
cylindrical rotor, 350-355 
salient pole rotor, 364 
salient pole macliine, 330 
saturated machine 
cylindrical rotor, 345 
salient pole rotor, 362 
short-circuit characteristic, 347 
short-circuit ratio, 351 
synchronous reactance, 343, 351, 361 
torque, 371 
torque angle, 372 
two reaction theory, 357 
unsaturated machine 
cylindrical rotor, 343 
salient pole rotor, 359 
windings 
stator, 189-193 
rotor, 333, 334 

zero power factor characteristic, 348 
Synchronous induction motor, 290 
Synchronous motor 
circle diagram, 378-384 
capacitor operation, 384, 386 
construction, 329-337 
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Synchronous motor, damping winding, 
331, 332, 385 

efficiency, 453 (see Losses) 
excitation, 333 
hunting, 394 
losses 

friction and windage, 403 
load current, 402 
main flux, 342, 402 
stray load, 404 
moment of inertia, 397 
phasor diagrams, 345-347, 359-363 
Potier triangle, 347 
power balance, 370 
power factor correction, 386 
reluctance torque, 371, 390, 416 
rotors 

cylindrical, 330 
salient pole, 329, 331, 332 
stability, 383 
starting, 386 

83 mchronizing power, 395 
torque 

developed, 338, 382 
pull-in, 416, 445, 446 
pull-out, 445, 446, 453 
starting, 387, 446, 453 
synchronizing, 394 
torque angle, 371, 372 
two-reaction theory, 357 
V curves, 384 
Synchrotie apparatus, 291 

Teaser transformer, 167 
Tliree-phase commutator motor, 439 
Three-phase power distribution, 464 
Three-wire generator, 106, 462 
Two-phase distribution, 464 
Torque, on conductor, 16 
Torque developed 
a-c commutator motors, 422, 431 
d-c machine, 46, 48, 83-86 
hysteresis torque, 392 
induction motor, 244, 471 
repulsion motor, 436 
single-phase induction motor, 301, 454 
synchronous motor, 338, 382 
Torque, starting, 387 
d-c machine, 450 

induction motor, 228, 249, 266, 446 
single-phase motor, 302, 317 
synchronous motor, 371, 378, 446, 453 
Two-reaction theory, 357 


Transformers 
all-day efficiency, 160 
autotransformer, 181 
connections, polyphase 
A-A, 164 
Y-Y, 165 
A-Y, 166 
Y-A, 166 
diametrical, 169 
double delta, 171 
double wye, 170 
open delta, 167 
Scott, 168 
T, 167, 171 
constant current, 186 
construction, 122, 14/ 
cooUng, 127 
copper loss, 156 
cores, 122 125 
current ratio, 136, 138 
efficiency, 145, 156, 159 
equivalent circuit, 142, 144 
load, 142 
no-load, 154 
short circuit, 156 

equivalent values of parameters, 143, 
151, 156 
harmonics, 165 
induced emf, 133, 136 
instrument 
current, 182 
potential, 182 
insulation, 126 
Kapp diagram, 150 
leakage flux, 131 
leakage reactance, 131, 138 
losses, 145 
main flux, 131, 136 
admittance, 133 
impedance, 134, 154 
magnetization curves, 477 
magnetizing current, 132, 137, 139 
no-load current, 130, 139 
no-load test, 154 
oil, 129 

parallel operation, 174 
per-unit values, 156 
phasor diagrams, 132, 137, 141 
polarity, 161, 162, 163 
leads, 161 
tests, 162 

ratio of transformation, 134 
reduction factors, 137 
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Transformen, regulation, 146, 150, 

159 

short-circuit test, 155 
teaser, 167 
temperature, 156 
three-phase, 147 
types, 121 

voltage ratio, 136,138 
windkigs, 125 

Universal motor, 432 

V curves, 384 
Ventilation, 120, 326, 334 
Voltage equations 
d-c generator, 66 
d-c motor, 82 

polyphase induction motor, 226, 233, 
238 

single-phase induction motor, 303 


Voltage equations, 83 mchronou 8 generator, 
343, 346, 359, 361 

synchronous motor, 343, 346, 359, 361 
transformer, 131, 139, 143 
Voltage regulation 
d-c generator, 70, 73 
synchronous generator, 350-355, 364- 
367 

transformer, 150-153 

Ward Ijeonard system, 91 
Windings, 
d-c, 30-48 

a-c polyphase, 189-195 
a-c single phase, 193-198 
Winding element, 31 
Winding factor, 203, 318 
Winding pitch, 31, 32 

Zero power factor characteristic, 348 





